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THE  SERIES  SYSTEM  OF  STREET  LIGHTING 

DISTRIBUTION 


BY  W.  P.  HURLEY 

Sales  Engineer,  Westingbouse  Electric  &  Mfg.  Co. 


The  series  system  of  distribution  has  been  used 
almost  universally  for  street  lighting  since  the  first 
use  of  electric  lamps. 

Lamps,  both  arc  and  incandescent  are  very  simple 
and  more  efficient  when  designed  for  series  operation 
than  are  the  multiple  type.  The  maintenance  of 
constant  power  at  the  lamp  terminals  where  lamps 
are  thinljr  scattered  over  a  wide  area  is  much  easier 
with  a  series  system  of  distribution  than  with  any  other 
system.  The  burning  of  all  street  lamps  in  the  city 
for  certain  specified  hours  makes  it  desirable  to  turn 
the  whole  circuit  on  and  off  from  a  certain  point  so 
that  such  a  system  whether  series  or  multiple  cannot  be 
used  to  distribute  power  for  other  purposes.  As 
therefore,  a  special  system  is  necessary  for  the  street 
lamps,  it  has  usually  been  made  of  the  series  type 
for  the  above  reasons. 

The  special  apparatus  required  to  operate  a  series 
system  from  constant  potential  is  very  simple  and 
inexpensive.  The  constant-current  moving-coil 
transformer  is  the  main  factor  in  the  maintenance  of 
the  necessary  constant  current.  The  film  cut-out 
socket  for  the  lamp  enables  the  continuity  of  the  circuit 
to  be  maintained  when  the  incandescent  lamp  breaks 
or  is  removed.  Both  are  very  simple  and  reliable 
even  with  unskiUed  operators.  \ 

Any  system  of  street  lighting  of  sufficient  merit 
to  supersede  the  series  system  must  depend  primarily 
on  the  development  of  simple,  reliable  and  inexpensive 
control  apparatus  for  the  individual  lamps  to  enable 
them  to  be  operated  on  the  existing  multiple  dis- 
tribution circuits. 


A  SERIES  system  of  lighting  distribution  is  one  in 
which  sdl  the  current  in  the  circuit  passes 
through  each  individual  lamp  in  turn.  The 
power  as  measured  in  watts  taken  by  each  individual 
lamp  is  determined  by  the  resistance  drop  across  that 
lamp,  the  current  in  all  the  lamps  being  the  same. 
By  properly  regulating  this  current  at  the  station,  the 
wattage  and  illumination  is  maintained  at  a  constant 
value,  regardless  of  the  pressure  drop  in  the  conduct- 
ing wires  of  the  system.    Special  short-circuiting  de- 
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vices  are  eiQpfoyed  to  maintain  the  continuity  of  the 
circuit  wjt^n,  the  lamps  bum  out  and  to  maintain  a 
constahKcurrent  in  the  circuit  with  the  various  con- 
jdi£ions'6f  load. 

.\\  Sdch  series  systans  are  employed  on  a  laiig:e  scale  to 
•  'operate  various  types  of  lamps  for  street  lighting.  Con- 
spicuous examples  are  the  Mazda  lamps  in  Chicago,  the 
flame  carbon  arc  lamps  in  Chicago  and  Indianapolis, 
the  metallic  flame  or  luminous  arc  lamps  in  Detroit, 
Pittsbiirgh  and  St.  Louis  as  well  as  the  old  carbon  arc 
lamps,  both  open  and  enclosed,  which  these  lamps  re- 
placed. Where  a  suitable  current  and  frequency  are 
used  the  same  circuit  may  operate  both  arc  and  incan- 
descent lamps  without  difficulty. 

As  distinguished  from  the  series  system  the  multiple 
system  of  distribution  requires  lamps  of  the  same  volt- 
age as  the  circuit  rating,  each  of  which  has  a  resistance 
permitting  the  desired  current  to  be  taken.  A  simple 
switch  at  each  lamp  disconnects  it  individually  from 
the  circuit.  As  practically  all  factory  and  residence 
lighting  is  so  operated  approximately  95  per  cent  of  the 
incandescent  lamps  used  in  this  country  are  on  multiple 
systems. 

Other  systems  combine  the  principles  of  the  series 
system  with  that  of  the  multiple  systan  by  connecting 
a  number  of  lamps  in  series  and  operating  this  series  of 
lamps  on  a  multiple  circuit  of  higher  voltage  than  is 
suitable  for  single  lamps.  Street  cars  thus  use  five  of 
the  substantial  110- volt  lamps  in  series  on  their  550- 
volt  circuits.  However  when  one  lamp  breaks  a  fila- 
ment, the  other  four  will  not  operate  as  the  circuit  is 
then  open.  In  some  street  lighting  systems,  notably 
at  Milwaukee,  series  street  lamps  are  connected  in 
series  and  operated  on  constant  potential  in  a  similar 
manner.  In  such  cases  alternating  current  is  employed 
and  special  devices  are  provided  to  maintain  the  con- 
tinuity of  the  circuit  when  individual  lamps  go  out. 

Extent  of  Use 

Approximately  1,000,000,  street  lamps  in  the 
United  States  are  supplied  by  series  distribution  cir- 
cuits.   This  constitutes  practically  the  entire  street 
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lighting  distribution  system  of  a  large  majority  of  the 
operating  companies.  Although  requiring  but  a  small 
proportion  of  the  total  kv-a.  generating  capacity,  the^ 
system  is  of  great  importance  to  operating  companies,' 
because  of  the  conspicuous  position  and  essential  duty 


of  each  small  unit.  It  is  especially  notable  that  in  their 
street  lighting  work,  many  operating  companies  render 
service  to  every  ope  of  the  inhabitants  whereas  only 
20  per  cent  or  less,  of  the  people  may  be  making  use  of 
electricity  in  their  homes.     Yet,  its  total  actual  cost 
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may  be  only  1  or  2  per  cent  of  the  total  city  budget  and 
seldom  over  one  dollar  ($1.00)  per  year,  per  inhabitant. 

Development 

Although  a  great  many  other  systems  involving  sub- 
stitutes for  the  constant-current  generator  or  moving- 
coil  regulator  have  been  tried  out  on  a  limited  scale 
since  the  first  introduction  of  the  electric  lamp  some 
forty  years  ago,  the  series  system  is  of  as  great  relative 
importance  as  ever  in  street  lighting,  and  is  changed 
only  slightly  from  the  original  concept  brought  out  with 
the  development  of  the  first  arc  lamp  by  Mr.  Charles 
F.  Brush.  This  is  an  indication  of  the  simplicity  and 
fundamental  soundness  of  the  scheme. 

The  change  from  direct  current  to  alternating  current 
involved  practically  no  change  other  than  the  lamps 
themselves,  and  the  station  equipment.  The  lines  were 
seldom  involved. 

Advantage  of  a  Series  System 

Street  lamps  constitute  a  comparatively  small  load 
in  kv-a.  which  must  be  operated  at  various  spacings 
over  a  wide  area.  The  line  cost  per  kv-a.  of  installa- 
tion is  relatively  high.  This  is  offset  to  a  certain  ex- 
tent by  a  load  factor  of  approximately  45  per  cent  where 
a  4000-hr.  per  year  schedule  is  maintained.  Further- 
more, special  precautions  must  be  taken  to  maintain 
constant  power  at  the  lamps,  regardless  of  the  wide  dis- 
tribution. The  series  system  is  particularly  adaptable 
to  this  service. 

Consider  that  power  is  supplied  to  a  500-watt  lamp 
every  500  feet  along  a  street.  A  conductor  smaller  than 
No.  8  gage,  is  seldom  used,  as  it  would  be  too  weak  to 
be  dependable,  from  a  mechanical  standpoint.  From 
current-carrying  consideration,  a  No.  14  wire  would  be 
ample  although  the  watts  lost  in  transmission,  would 
be  approximately  four  times  as  high  as  in  a  tjnpical 
street  lighting  system. 

If  110-volt  multiple  distribution  is  attempted,  even 
with  No.  8  conductor,  not  over  two  such  lamps,  the 
most  distant  being  1000  feet  away,  can  be  successfully 
operated,  because  of  the  poor  regulation  resulting  from 
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the  voltage  drop  in  the  conductor.  On  a  similar  series 
circuit,  100  or  more  of  such  lamps,  or  a  much  larger 
number  of  smaller  lamps,  with  as  much  as  40  miles  of 
line  wire,  are  readily  operated. 

Under  such  conditions  there  would  not  be  over  50 
kw.  in  load  per  square  mile  of  territory  served,  and 
where  the  lamps  are  small,  or  spaced  even  further  dpart 
due  to  the  presence  of  gas  lamps  in  many  locations  or 
due  to  a  scattered  population,  this  load  may  be  of  the 
order  of  5  kw.  per  square  mile  and  1  kw.  per  mile  of 
single  wire. 

The  low  current  in  the  series  circuit  prevents  exces- 
rive  drop  in  the  line  even  with  No.  8  conductor.  The 
regulator  compensates  perfectly  for  this  drop.  The 
voltage  of  a  single  circuit  is  thus  the  sum  of  the  voltages 
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Fig.  2 — Regulator  with  Two  Interconnected  Secondary 
Circuits  and  Development  of  the  Diagram  Showing  the 
Voltage  to  Ground  in  the  Various  Parts  of  the  Circuit. 
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of  the  lamps  on  this  circuit,  and  the  line  drop.  It  is 
evident  that  the  long  high-voltage  circuits  have  the 
great  advantage  of  less  apparatus  per  kilowatt  of  load 
because  fewer  circuits  will  be  required.  Also  a  lower 
percentage  of  the  line  is  used  in  simply  running  back 
to  the  station  for  purposes  of  control. 

The  size  of  such  a  circuit  may  be  limited  by  any  one 
of  several  factors. 

1.  Voltage  of  the  circuit  to  ground. 

2.  Number  of  lamps  to  operate  on  one  circuit. 

3.  Insiilation  of  lines  and  equipment. 

Series  lighting  circuits  on  poles  are  subject  to  many 
groimds  due  to  trees,  lines  breaking,  crosses  with  other 
circuits  and  other  causes.  If  an  excessive  voltage  is 
supplied  to  any  circuit  an  accidental  ground  at  any 
point  on  the  circuit  causes  a  heavy  strain  on  the  insu- 


6 


W.  P.  HURLEY 


[Jan.  9 


lation  at  other  points  because  the  drop  across  the  large 
number  of  lamps  is  so  great.  This  drop  can  be  greatly 
reduced  by  cutting  the  circuit  in  parts  and  connecting 
a  portion  only  of  the  generator  or  regulator  winding 
between  these  sections.  The  whole  combination  con- 
sisting of  from  two  to  four  sections  is  thus  connected  in 
series  as  shown  in  Fig.  2  and  takes  the  same  current 
throughout  the  circuits.  Such  a  system  has  been  used 
in  the  d-c.  arc  gtoerators  for  many  years  and  also  in  the 
constant-current  regulating  transformers. 

Grounds  must  be  promptly  removed  from  such  a  sys- 
tem. Where  double  grounds  occur,  one  on  each  of  two 
circuits,  they  may,  if  of  low  resistance,  both  be  placed 
near  enough  the  station  (Fig.  2  at  B  and  C)  to  practi- 
cally short-circuit  one  section  of  the  regulator  winding 
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Fia.  3 — Diagram  of  a  Series  Circuit  on  Streets  Showing 
THE  Saving  of  Wire  that  May  be  Made  by  Using  a  Single- 
Wire  Circuit 


and  the  adjacent  lamps,  thus  causing  the  current  in 
that  part  of  the  circuit  to  increase  to  nearly  100  per 
cent  of  normal,  while  the  remaining  lamps  would  get 
practically  no  current.  This  double  ground  rarely 
occurs  with  good  line  construction,  maintenance  and 
methodical  testing  of  the  circuits.  Equality  of  current 
in  the  two  circuits  may  be  insured  by  a  relay  so  con- 
nected as  to  disconnect  the  regulator  or  circuits  if 
current  in  the  two  circuits  becomes  unbalanced.  In 
general  the  merits  of  such  a  system  of  interconnection 
are  so  great  that  it  is  in  very  general  use,  particularly 
where  the  voltage  of  a  circuit  would  otherwise  exceed 
5000. 
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In  many  cases  one  circuit  is  used  for  the  all  night 
lamps  of  a  white  way  system  and  the  others  for  the  half 
night  lamps.  The  high  light  load  efficiency  of  the  regu- 
lating transformer  makes  this  arrangement  very  suit- 
able. 

The  number  of  lamps  on  a  circuit  is  influenced  largely 
by  the  density  of  the  lighting  units  and  their  size.  In 
extreme  cases  500  are  found  on  a  single  circuit  where 
there  is  a  wide  area  of  suburban  territory  to  be  lighted 
only  by  low  candle  power  lamps.  The  numerous  lamp 
loops  of  such  circuits  greatly  increase  the  chances  of 
open-circuiting  the  whole  system;  To  reduce  the  con- 
sequences of  this  the  wiring  should  be  arranged  in  loops 
so  that  cut-outs  can  be  installed  which  automatically 
short-circuit  and  disconnect  a  broken  loop  (Fig.  3  shows 
typical  loops). 

The  cost  of  insiilating  lines  and  equipment  rises  rap- 
idly with  the  higher  voltages.  This  fact  must  be  con- 
sidered and  balanced  with  the  cost  of  additional  cir- 
cuits necessary  to  maintain  low  voltages.  On  overhead 
lines  some  systems  successfully  operate  arc  lamps  up 
to  8000  volts.  Underground  circuits  are  seldom  oper- 
ated at  more  than  5000  volts  as  any  breakdown  in  their 
insulation  is  much  more  serious  from  the  standpoint  of 
repair. 

^  It  is  of  great  advantage  to  be  able,  in  a  series  circuit, 
to  operate  the  lamps  on  one  street  from  one  wire  of  the 
circuit  alone  without  it  being  necessary  to  have  the  re- 
turn circuit  on  the  same  street  (Fig.  3) .  This  may  save 
as  much  as  50  per  cent  of  the  total  wire  required,  and  las 
many  street  lighting  circuits  are  on  pole  lines  already 
necessary  for  residence  lighting  such  a  use  of  a  single 
wire  sjrstem  means  the  saving  of  a  very  considerable 
portion  of  the  total  expense.  Little  or  no  additional 
wiring  in  such  single-wire  circuits  is  necessary  to  create 
loops  by  which  large  sections  can  be  isolated  either  au- 
tomatically as  previously  described  or  by  means  of  a 
jumper.  The  automatic  current  regulation  of  the  con- 
stant-current moving-coil  transformer  makes  this  per- 
fectly feasible  even  though  90  per  cent  or  more  of  the 
lamps  be  so  cut  out  of  circuit. 

line  reactance  with  such  small  currents  involved 
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may  usually  be  ign^ed  as  its  only  effect  is  to  slightly 
reduce  the  load  canying  capacity  of  the  regulator.  Vari- 
ations of  the  lamps  themselves  from  their  rated  voltage 
have  a  much  greater  effect  on  the  total  regulator  capac- 
ity. For  overhead  lines  this  reactance  drop  at  60  cycles 
in  single-wire  circuits  is  approximately  50  per  cent  and 
in  return-wire  circuits,  25  per  cent  respectively  of  the 
resistance  drop.^ 

Control 

The  operation  of  the  street  lighting  lamps  from  dark 
until  dawn  or  over  some  other  fixed  period  makes  a 
special  condition  of  control  not  required  for  any  other 
type  of  service.  It  is  of  great  advantage  from  the  stand- 
point of  time  and  labor  to  be  able  to  control  all  these 
lamps  from  a  single  point.  Such  has  generally  been  the 
practise,  thus  making  it  impracticable  to  use  the  street 
lighting  circuits  and  lines  for  any  other  service.  There- 
fore, where  a  separate  circuit  is  run  for  street  lighting 
the  series  system  has  many  advantages  from  the  stand- 
point of  installation  costs  and  regulation  over  any  other 
system. 

Lamp  Characteristics 

In  general  it  has  been  well  worth  while  to  make  spe- 
cial lamps  for  series  operation  on  account  of  the 
higher  electrical  efficiency  or  lumens  per  watt  input. 

In  direct-current  series  arc  lamps  the  wasteful  sus- 
taining resistance  necessary  to  the  multiple  arc  is 
omitted  and  the  constant-current  regulating  device 
itself  sustains  the  arc  without  material  loss  of  power. 
In  consequence  of  this  difference,  the  direct-current  arc 
lamp  electrical  efficiency  is  approximately  70  per  cent 
for  the  multiple  and  95  per  cent  for  the  series  lamp. 
Similar  figures  for  an  alternating-current  system  of  en- 
closed carbon  arc  lamps  so  widely  used  at  one  time, 
were  90  per  cent  and  95  per  cent  respectively.  The 
smaller  apparent  difference  is,  of  course,  due  to  the  use 
of  a  reactance  coil,  instead  of  a  resistance  in  the  mul- 
tiple arc  lamp  for  sustaining  effect. 

1.  Formulas  in  Pender's  handbook  or  in  Bureau  of  Stand- 
ards, Vol.  4,  No.  2,  page  317. 
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The  series  system  has  been  retained  for  use  with 
Mazda  lamps,  as  the  efficiency  of  these  lamps  when 
made  for  a  series'  system  is  much  better  than  that  of 
multiple  lamps,  being,  in  the  case  of  the  100-c.p.,  6.6- 
amperes  series  lamp,  some  20  per  cent  higher  than  a 
110-volt  lamp  of  such  a  candle  power. 

Direct-current  arc  lamps  were  used  on  the  early 
series  circuits  because  of  the  greater  steadiness  and  effi- 
ciency of  the  arc  on  direct  current  than  on  alternating 
current.  The  alternating-current  enclosed  arc  al- 
though much  less  efficient  became  very  popular  when 
alternating-current  systems  of  generation  and  distri- 
bution became  common  because  a  series  alternating- 
current  circuit  could  be  derived,  from  the  usual  2300- 
volt  constant-potential  busby  a  simple  constant-cur- 
rent regulating  transformer.  This  transformer  had  only 
a  fraction  of  the  first  cost,  maintainence  cost  or  floor 
space  of  the  motor  generator  or  rectifier  set  necessary 
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Fig.  4 — Connections  of  a  Series  Circuit  to  a  Constant- 
Potential     Source    by     Means    of    a    Constant-Current 

Transformer 

to  operate  a  direct-current  series  circuit  from  the  alter- 
nating-current constant  potential  bus.  Yet  the  im- 
provement, from  the  illumination  standpoint,  over  all 
predecessors  of  the  metallic  flame,  or  luminous  arc  lamp 
introduced  about  1907,  was  such  that  many  of  the  di- 
rect-current series  circuits  necessary  for  their  operation 
have  since  been  installed. 

Where  incandescent  lamps  only  are  used  there  is  ob- 
viously no  need  for  direct  current  and  it  is  well  worth 
the  slight  expense  to  change  the  regulating  equipment 
from  direct  to  alternating  current  when  direct-current 
series  arc  lamps  are  replaced  by  incandescent  lamps. 
Such  a  change  usually  only  involves  the  replacement  of 
the  station  apparatus  by  a  constant-current  regulating 
transformer.    An  alternating-current  circuit  ena\Ae^ 
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the  use  of  the  20-ampere  lamps  from  auto-transformers 
where  high  candle  power  lamps  are  desu^.  Safety 
coils  can  also  be  used  on  alternating  current  enabling 
the  use  of  series  lamps  on  fire  alarm  brackets,  traffic 
posts  and  bridges  in  a  way  practically  impossible  on  a 
high-voltage  direct-current  circuit  with  any  degree  of 
safety. 

Frequency  has  had  but  slight  effect  in  the  develop- 
ment or  use  of  series  circuits.  Apparatus  has  been 
available  for  all  commercial  frequencies  except  that  arc 
lamps  were  never  satisfactory  on  25-cycle  circuits. 
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Fig.    5 — Flux   Relations   in    a   Moving-Coil   Regulating 
Transformer  Showing  the  Leakage  of  Flux  Between  the 
Stationary  and  the  Counterbalanced  Moving-Coil 


Apparatus 

In  the  simplest  and  most  commonly  used  series  sys- 
tems, a  special  constant  direct-current  generator  or  a 
moving-coil  transformer  for  alternating  current  is  re- 
quired at  the  station  to  control  the  circuit  and  to  main- 
tain the  correct  current  at  the  lamp. 

In  the  old  direct-current  arc  lighting  machine,  special 
designs  utilized  the  reactance  of  the  armature  to  pre- 
vent excess  current  in  the  lamp  circuits,  and  used  de- 
vices for  shifting  the  brushes  to  obtain  the  necessary 
voltage  up  to  the  limits  of  the  machine.    Some  of  these 
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r^grulators  were  extremely  accurate  and  were  sensitive 
enough  to  operate  the  high  efficiency  incandescent 
lamps  now  commonly  used.  The  constant-current 
r^^ulator  commonly  used  for  alternating  current  de- 
I>ends  upon  the  electrical  repulsion  existing  between  the 
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Fig.  6 — Cubves  Showing  the  Change  in  Candle  Power  and 
IN  Lamp 'Life  with  a  Change  of  Current  in  a  Tungsten 

Filament 


primary  and  secondary  coils  of  a  transformer  under  load 
to  produce  and  maintain  a  constant  current  in  the  sec- 
ondary or  lamp  circuit.  Such  a  regulator  is  of  great 
value  because  it  can  automatically  maintain  a  fixed  sec- 
ondary current  through  any  number  of  lamps  from  one 
up  to  its  maxifaium  capacity  or  with  a  wide  ftuctuation 
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of  the  voltage  on  its  supply  circuit.  When  it  is  realized 
that  an  increase  of  3  per  cent  in  the  current  of  the  lamp 
circuit  cuts  the  life  of  an  incandescent  lamp  in  half  and 
thus  doubles  the  renewal  cost,  it  can  readily  be  appre- 
ciated that  such  a  regulator  is  very  cheap  protection 
for  the  lamps  as  compared  with  any  system  that  does 
not  compensate  automatically  for  all  variations.    To 


Fia.  7 — Schematic  Diagram  op  Circuits  in  a  Series  Arc 
Lamp  Showinq  Three  Parallel  Circuits: 

(1)  Main  circuit  through  the  series  coil  and  the  arc. 

(2)  Shunt  circuit  to  pull  the  carbons  together  when  the  voltage  across  the  arc 
increases. 

(3)  Starting  circuit  consisting  of  resistance  in  series  with  a  switch  to  cut  it 
out  when  the  arc  bums. 

The  drop  across  the  starting  resistance  through  which  the  current  first  flows 
causes  current  to  flow  through  the  arc  and  series  coil  This  coil  pulls  the  carbons 
apart  opening  the  starting  circuit  The  shunt  coil  prevents  the  arc  voltage 
becoming  excessive  and  can  close  the  switch,  if  necessary,  in  the  starting  circuit 
thus  maintaing  a  safe  current  path  through  the  lamp. 


get  a  more  definite  idea  of  this  relation  it  should  be  re- 
membered that  in  extreme  cases  such  as  certain  subur- 
ban districts  using  a  great  number  of  low  candle  power 
lamps  the  value  of  the  lamps  on  the  circuit  is  equal  to 
that  of  the  regulator  controlling  them.  Under  normal 
conditions  these  lamps  are  renewed  about  three  times 
per  year.  Accurate  and  reliable  regulation  is  therefore 
necessary  to  keep  these  lamps  up  to  rated  candle  power 
without  getting  at  times  a  current  sufficient  to  cause 
premature  burnouts  and  increased  expense  in  lamp  re- 
newals as  well  as  in  deductions  for  lamp  outage.  Re- 
newals of  four  times  per  year  would  in  this  case  require 
excess  lamps  equal  the  value  of  the  regulator.    The 
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moving  coil  regulator  is  the  only  device  which  auto- 
matically compensates  accurately  for  short  circuits  and 
double  grounds  on  th6  series  line  or  for  voltage  variation 
of  the  constant  potential  supply. 

Such  regulators  are  so  substantial  and  reliable  that 
small  sizes  have  been  successfully  mounted  on  poles  in 
transformer  cases  and  operated  by  a  time  switch.  Wher- 
ever possible  however,  they  should  be  installed  in  a 
station  so  that  the  line  can  get  more  frequent  and  care- 
ful testing  and  an  ammeter  can  be  continuously  kept  in 
the  lamp  circuit. 

f;ln  every  series  circuit  the  devices  used  on  it  must 
have  a  means  of  by-passing  the  current  when  the  device 
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FiQ.  8 — The  Film  Cdt-Out Socket  for  Incandescent  Lamps 

When  lamp  filament  A  breaks,  the  voltage  BC  rises  from  that  of  the  lamp  to 
that  of  an  open-circuited  regulator  causing  the  film  to  break  down  and  short- 
circuit  the  lamp. 


itself  is  inoperative  to  prevent  the  opening  of  the  whole 
circuit. 

The  arc  lamp  has  a  mechanism  arranged  as  in  Fig.  7 
so  that  a  shunt  coil  connected  across  the  arc  causes- a 
switch  to  be  closed  and  the  arc  short-circuited  when  the 
drop  across  it  becomes  excessive.  Another  coil  in  series 
with  the  arc  and  line  acts  to  give  the  correct  spacing  of 
the  carbons  or  electrodes. 

For  the  incandescent  lamp  a  simple  form  of  switch  is 
incorporated  in  the  socket.  An  insulating  film  is  placed 
between  the  two  sides  of  this  switch.  This  film  has 
normally  only  to  withstand  the  drop  across  the  lamp 
filament,  A  (Fig.  8)  of  10  volts.  However,  if  the  lamp 
bums  out  the  filament  itself  gives  the  effect  of  an  in- 
finite resistance,  and  the  full  generated  voltage  of  the 
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r^^lator  or  generator  is  impressed  imon  the  in- 
sulating film,  causing  it  to  pimcture  and  short-circuit 
the  lamp  filament.  In  a  moving  coil  regulator  this 
maximum  voltage  is  approximately  25  per  cent  more 
than  the  full-load  voltage.  A  switch  in  the  socket  op- 
erated by  the  insertion  of  the  lamp  in  this  socket  short- 
circuits  this  film  when  the  lamp  is  removed. 

Such  film  cut-out  sockets  are  very  simple  and  inex- 
pensive, and  enable  men  with  little  training  easily  to 
renew  the  lamps,  even  under  trying  conditions  of  lamp 
location  and  bad  weather. 

In  general,  devices  other  than  lamps  have  seldom 
been  used  to  any  great  extent  on  street  series  circuits. 
On  account  of  the  dark  until  daylight  schedule  it  is  often 
desirable  to  operate  lamps  indoors  and  around  places 
where  the  high  voltage  possible  on  a  series  circuit  can- 
not be  tolerated.  Underground  circuits  are  often  in- 
cluded in  this  status  on  account  of  the  great  expense  of 
high- voltage  cable.  In  such  cases  a  special  series  trans- 
former or  safety  coil  is  used.  This  safety  coil  can  sup- 
ply a  small  wattage  at  constant  current  and  low  voltage 
on  the  secondary  circuit  and  yet  be  insulated  for  an  ex- 
tremely high  voltage  on  the  main  series  circuit. 

Instruments  or  meters  of  a  special  nature  are  seldom 
required  for  series  circuits.  A  high  grade  ammeter 
should  be  in  series  with  the  lamps  for  upon  it  depends 
the  accuracy  of  the  adjustment  of  the  regulator  and  the 
life  and  candle  power  of  all  the  lamps.  The  possible 
accuracy  and  permanence  of  the  adjustment  of  the 
moving-coil  regulator  is  well  comparable  to  that  of  the 
ammeter,  and  little  difficulty  is  experienced  in  its  oper- 
ation. Municipalities  sometimes  require  a  chart  of  the 
current  in  the  series  circuit  and  maintain  curve  drawing 
ammeters  for  this  purpose.  In  other  cities  a  jack  on  a 
pole  allowing  the  insertion  in  the  circuit  of  a  plug  with 
ammeter  fulfills  all  requirements. 

Maintenance 

Maintenance  and  testing  of  series  circuits  is  special 
only  in  that  checks  through  the  day  are  advisable  in 
order  to  repair  before  dark  any  damage  that  may  have 
occmred  during  the  hours  of  non  use.  Troubles  usually 
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show  in  the  form  of  grounds  and  open  circuits.  Simple 
electrical  tests  locate  troubles,  of  this  nature.  They 
must  be  promptly  removed  to  avoid  damage  to  the 
lamps  or  interruption  of  service  during  the  dark  hours. 

Summary 

The  advantage  of  the  series  systems  of  street  lighting 
distribution  consist  of  (1)  effectiveness;  (2)  sim- 
plicity of  control;  and  (3)  high  electrical  efficiency 
of  lines  and  lamps. 

The  disadvantages  are  (1)  high  cost  of  line  per  dollar 
of  income;  (2)  high  voltage;  (3)  special  lamps. 

The  ideal  system  ultimately  should  be  one  to  operate 
a  highly  efficient  standard  lamp  from  the  existing  mul- 
tiple distribution  lines  necessary  for  residencesUnd  fac- 
tories. Complicated  special  apparatus  and  special 
wiring,  other  than  to  the  lamps  is  thereby  eliminated. 
Reliable  and  inexpensive  control  devices  must  be  avail- 
able to  turn  the  lamps  on  and  off.  Although  much  time 
and  expense  have  been  spent  on  such  development  ever 
since  the  lighting  industry  started,  none  has  ever  been 
sufficiently  perfected  to  be  worthy  of  generally  replac- 
ing the  simple  series  system. 


16  W.  P.  HURLEY  [Jan.  9 

Discussion  on  "The  Series  System  of  Street 
Lighting  Distribution"  (Hurley),  Chicago, 
III.,  January  9, 1920. 

A.  E.  Betts:  I  would  like  to  find  out  what  success 
different  people  have  met  with  in  the  use  of  the  re- 
fractors on  such  lamps,  and  also  what  effect  it  has  had 
on  illumination,  after  they  have  been  cleaned. 

E.  Sweitzer:  I  am  of  the  opinion  that  a  refractor 
does  materially  benefit  the  distribution  of  illimiina- 
tion.  It  is  found  with  the  ordinary  diffusing  globe 
the  natural  angle  of  distribution  is  around  45  deg. 
below  the  horizontal.  In  the  use  of  refractors  the 
maximum  angle  is  raised  to  about  10  or  15  deg.,  and 
consequently  you  get  a  very  much  wider  distribution. 
I  think  fundamentally  that  is  the  basic  reason  for  using 
refractors.  I  venture  to  say  that  there  are  very 
few  installations  having  high  candle-power  where 
the  refractors  are  not  being  used.  Where  large 
imits  are  used  I  think  it  is  of  decided  advantage. 
As  far  as  maintenance  cost  is  concerned,  it  is  not 
excessively  high.  They  are  made  quite  heavily 
and  with  ordinary  service,  breakage  should  be  very 
light.  The  operating  records  of  central  station 
companies  who  are  using  street  lighting  units  with  re- 
fractors will  well  bear  out  my  contention. 

A.  E.  Betts:  The  idea  is  that  after  a  refractor  has 
been  in  use  for  a  short  period  of  time  it  becomes  very 
dirty  and  unless  you  institute  a  system  of  periodic 
cleaning,  the  lighting  will  be  very  materially  reduced 
and  the  refractor  of  no  benefit. 

E.  Sweitzer:  That  is  true.  From  a  purely  com- 
mercial point  of  view  I  want  to  say  that  both  central 
station  companies  and  municipalities  have  gotten  to 
the  point  of  seriously  abusing  street  lighting  systems 
such  as  are  now  in  operation  since  Mazda  Lamps  have 
become  as  prevalent  as  they  are.  Heretofore  when 
they  used  arc  lamps  they  had  to  get  around  and  trim 
them  at  certain  periods.  A  lamp  had  to  be  trimmed 
every  hundred  hours  or  150  hours,  and  at  that  time 
the  lamps  were  naturally  cleaned,  but  when  you  come 
to  Mazda  Lamps  the  operating  company  seems  to 
think  ''Well,  here  is  something  that  will  last  a  thousand 
hours"  and  while  the  contracting  company  calls  for 
the  lamps  to  be  maintained  in  proper  form,  in  a  great 
many  instances  they  are  not  given  near  the  attention 
that  the  arc  lamps  were.  If  the  refractor  is  permitted 
to  get  dirty  naturally  it  absorbs  some  light,  but  if 
they  are  given  reasonable  attention,  possibly,  I  would 
say  six  to  eight  times  a  year,  there  would  be  a  very 
slight  loss  of  light.     Does  that  answer  your  question? 
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A.  E.  Betts:  Yes,  it  does,  only  o\ir  experience  is 
a  little  bit  to  the  contrary.  We  find  that  if  they  are 
allowed  to  go  even  six  weeks  the  amount  of  dirt  ac- 
cumulation on  the  refractor  very  materially  reduces 
the  light. 

E.  Sweitzer:  Isn't  it  true  that  it  is  due  very 
largely  to  the  atmospheric  conditions?  Taking  it  as 
a  whole  I  don't  believe  they  should  require  such 
frequent  attention. 

A.  E.  Betts :  We  have  not  made  any  tests  on  the 
lamps,  althou^  we  intend  to  do  so,  but  it  is  evident 
that  the  light  is  very  materially  reduced. 

F.  F.  Fowle:  Inductive  interference  from  series 
distribution  systems  is  due  fundamentally  to  two 
causes.  One  is  the  character  of  the  current  in  the 
circuit  and  the  other  is  the  nature  of  the  layout  of 
the  line  circuit  itself.  In  the  early  days  with  the  use 
of  old  T.  H.  and  Brush  arc  machines  inductive  in- 
terferences with  telephone  systems  from  series  distri- 
bution, using  generators  of  this  type,  were  very  severe, 
more  severe  than  is  encounter^  ordinarily  today. 
That  was  due  in  large  part  to  the  fact  that  the  wave 
form  produced  by  those  machines  was  very  irregular 
and  in  the  case  of  both  machines  there  was  a  very 
peaked  wave  of  electromotive  force  which  arose  in- 
stantaneously to  very  high  and  abrupt  values  and  of 
course  produced  a  very  serious  disturbance.  The 
current  was  a  constant  in  the  sense  that  it  had  a  con- 
stant average  or  effective  value,  but  the  instantaneous 
value  even  though  it  was  so-called  direct  current, 
was  anything  but  constant.  With  the  passing  out 
of  direct-current  series  lighting  and  the  introduction 
of  the  alternating-current  system,  of  course,  we  come 
to  the  modem  conditions.  Series  circuits  are,  gener- 
ally speaking,  of  three  types,  the  so-called  open-loop 
series  circuit,  in  which  the  line  wire  is  led  from  lamp 
to  lamp  by  the  most  available  direct  route  without 
regard  to  anything  else,  and  in  that  type  of  circuit 
the  configuration  of  it  is  generally  an  irregular  open 
loop.  The  second  type  is  the  closed  loop  circuit,  in 
which  the  line  wires  are  kept  parallel  so  that  while 
it  is  a  series  circuit  it  is  a  parallel  two-wire  series 
circuit  in  which  the  return  wire  is  always  kept  on  the 
adjacent  pin,  or  at  least  on  the  same  pole  line  with  its 
mate. 

The  third  type,  so-called,  is  a  combination  of  the 
two  or  a  mixed  loop  circuit.  The  open  loop  circuit 
gives  trouble  of  course  from  inductive  interference  if 
it  is  in  the  same  neighborhood  with  telephone  circuits, 
particularly  circuits  of  open  wire.    The  trouble  with 
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telephone  circuits  in  cable  is  considerably  diminish- 
ed. The  •  electrostatic  induction  is  entirely  removed 
by  placing  the  telephone  circuits  in  a  cable,  within  a 
grounded  metal  sheet,  but  magnetic  induction  is 
affected  but  slightly.  A  practically  sure  and  efficient 
remedy  for  inductive  interference  in  series  distribu- 
tion can  be  obtained  by  using  the  closed  loop.  In 
that  case  the  inductive  interference  is  usually  less 
than  it  would  be  from  the  ordinary  multiple  distribu- 
tion system  with  the  same  spacing  of  conductors.  Of 
course,  its  current  is  limited  in  value;  the  current  is 
very  frequently  less  than  would  be  flowing  in  a  multi- 
ple distribution  system, — ^at  least  when  the  load  is 
of  fair  proportions.  There  are  no  very  effective 
means,  from  the  telephone  standpoint,  to  combat 
induction  from  the  open  loop  construction  in  ordinary 
city  distribution.  It  is  usually  impractical  to  trans- 
pose against  it,  because  the  points  of  change  or  dis- 
continuity in  the  lighting  circuit  occur  with  such 
frequency  that  any  attempt  to  put  transpositions  in 
the  telephone  circuit  is  impractical  for  the  reason  that 
the  poles  are  not  close  enough  together  or  they  don't 
come  close  enough  to  the  theoretical  transposition 
point,  and  it  would  in  any  case  make  a  badly  cut  up  and 
disarranged  telephone  distribution  system,  that  is, 
according  to  the  open  wire. 

It  is  also  of  some  advantage  to  place  the  lamps  alter- 
nately on  each  side  of  the  series  circuit .  Where  the  two 
wires  of  the  series  circuit  leave  the  station,  let  us  say  the 
first  lamp  is  in  wire  No.  1  and  the  next  in  No.  2,  the 
third  in  No.  1,  the  fourth  in  No.  2,  and  so  on.  That 
means  the  point  of  zero  potential  or  the  neutral  point 
in  the  series  circuit  will  come  at  the  far  end  and  the 
drop  of  potential  will  be  uniform  in  the  two  wires,  so 
that  if  taking  maximum  values  of  one  wire  at  the  sta- 
tion at  some  particular  instant  as  1000  volts  positive, 
the  opposite  end  is  1000  volts  negative,  and  at  the 
far  end  of  the  loop  at  that  same  instant  the  potential 
is  zero. 

I  would  like  to. say  a  few  words  about  the  use  of  line 
conductors  for  series  distribution.  Some  years  ago 
I  had  an  opportunity  to  make  an  experimental  installa- 
tion of  copper  plated  steel  lined  wire  in  a  small  series 
distribution  system.  The  lamps  were  closed  carbon 
lamps  operating  on  about  5  amperes,  and  there  were 

19  or  20  lamps  in  the  circuit.  It  was  operated  from 
a  2300- volt  bus  through  a  regulating  reactance.  This 
circuit  was  carefully  tested  in  normal  operation  for 
current,  voltage,  energy  input,  power  factor,  and  then 
in  the  day  time  the  lamps  were  all  strapped  out  with 
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a  jumper  at  the  terminals  of  each  lamp.  We  then 
measured  the  true  continuous  current  resistance  of  the 
lamp  circuit  and  we  also  put  a  normal  operating 
current  around  the  line  circuit,  with  the  lamps  cut  out, 
and  measured  the  impedance,  effective  resistance, 
and  effective  reactance  of  the  line  circuit  and  power 
factor.  After  these  tests  were  completed,  we  took 
down  the  line  wire,  which  was  No.  6  medium  hard 
drawn  triple  weather-proof  copper,  and  on  the  same 
pin  positions  and  precisely  the  same  positions  through- 
out the  entire  circuit  we  strung  up  some  No.  8  hard 
drawn  triple  weather-proof  copper  cased  steel.  Then 
we  rei)eated  the  whole  series  of  tests  and  I  can  give  you 
•a  few  of  the  results  that  we  obtained.  We  found 
that  the  No.  6  annealed  copper  had  a  breaking  load  of 
an  average  of  750  lb.,  a  potential  strength  of  approxi- 
mately 38,000  lb.  per  sq.  in.; No.  8  hard  drawn,  an 
average  breaking  load  of  1200  lb.  approximately,  and 
about  97,000  lb.  per  sq.  in.  A  test  on  the  No.  6  copper 
circuit  with  the  lamps  cut  out  showed  that  it  had  a  true 
resistance  of  about  9.05  ohms  and  the  effective  a-c. 
resistance,  about  9.25  ohms.  The  ratio  of  the  effec- 
tive a-c.  resistance  to  the  true  d-c.  resistance  was 
about  1.02  per  cent.  That  is  only  about  2  per  cent 
skin  effect  in  that  copper  wire  at  sixty  cycles.  The 
true  resistance  of  the  copper  clad  steel  circuit  was 
practically  four  times  as  much,  and  the  skin  effect 
factor  was  practically  the  same  as  it  was  with  the 
copper  wire,  that  is,  between  two  and  three  per  cent. 
Taking  into  account  the  actual  diameter  of  the  wire 
and  the  temperature,  we  found  that  the  conductivity 
of  the  copper  wire  was  97  per  cent. 

Another  interesting  result  was  the  calculations  on 
the  measurements  of  the  effective  reactance  of  the 
copper  circuit.  This  was  a  mixed  loop  circuit  but  more 
of  the  open  loop  type  than  of  the  closed  loop.  It 
was  found  that  the  total  reactance  of  the  mixed  loop 
circuit,  as  calculated  from  the  measurements,  was  the 
same  as  though  it  had  been  a  parallel  loop  circuit 
from  end  to  end,  with  a  spacing  of  11.5  ft.  between 
the  two  wires.  The  measurements  with  the  lamps  in 
circuit  showed  that  the  power  factor  at  the  bus,  which 
would  include,  of  course,  the  power  factor  of  the  line 
and  the  power  factor  of  the  reactance  combined,  was, 
for  the  No.  6  copper  circuit  about  62  per  cent,  and  for 
the  No.  8  copper  clad  steel  circuit  about  66  per  cent. 
The  power  factor  of  the  line  circuit  with  the  lamps  in 
it  was  only  about  92  per  cent  for  the  No.  6  copper, 
and  the  same  figure  for  the  copper  clad  steel.  That 
18  to  say,  that  shows  that  there  was  no  particular 
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additional  reactive  effect  because  of  the  steel  .core  in 
the  copper  clad  steel  wire.  The  main  effect  of  it 
was  increased  line  resistance.  The  average  watts 
lost  in  the  line  in  this  particular  case  was  about  230 
watts  for  the  copper  circuit  and  about  a  thousand 
watts  for  the  copper  clad  steel  circuit,  that  is,  roughly, 
in  the  ratio  of  four  to  one. 

In  the  matter  of  structural  advantages  and  econo- 
mies I  gave  you  the  figures  on  the  breaking  load  of 
the  two  wires.  Of  course  the  No.  8  copper  clad  steel 
is  much  the  stronger  of  the  two  and  naturally  would 
be  the  more  reliable  conductor,  from  a  structural 
standpoint.  However,  its  disadvantage  is  having 
about  four  times  the  resistance  of  the  copper,  and  the 
increased  energy  loss. 

Without  going  into  details,  taking  the  cost  of  copper 
wire  as  a  basis,  which  at  that  time  was  in  the  neighbor- 
hood of  sixteen  cents,  and  assuming  a  schedule  of 
3000  hr.  per  annimi  of  operation,  it  worked  out  that 
the  turning  point  in  economy,  as  between  the  two 
wires,  was  when  the  energy  cost  about  0 .  55  of  a  cent 
per  kw-hr.  If  the  cost  of  energy  was  more  than  that 
there  was  economy  in  using  copper  clad  steel,  but  if 
the  cost  of  energy  was  less  than  that,  there  was  no 
economy  in  doing  that.  There  was,  of  course,  con- 
siderable increase  for  reliability,  and  the  inference 
would  be  there  was  somewhat  less  maintenance  cost. 
That  circuit  has  been  in  service  for  some  years  and  as 
far  as  I  know  it  has  never  given  any  trouble. 

G.  N.  Chamberlin  (read  by  C.  E.  Skinner):  In 
setting  forth  the  advantages  of  the  series  system  of 
distribution,  I  think  Mr.  Hurley  has  been  more  than 
fair  in  giving  what  he  considers  the  disadvantages. 

High  Voltage 

Modem  arc  lamps  cannot  be  used  to  advantage  on 
multiple  circuits  and  series  incandescent  circuits  are 
as  a  rule  I  believe  not  above  5000  volts.  It  is  doubtful 
if  this  voltage,  with  the  circuit  wires  widely  separated 
and  the  flow  of  current  restricted  to  practically  normal, 
is  not  safer  than  2200- volt  lines  carried,  as  they  usually 
are,  closely  spaced  and  backed  by  unlimited  current, 
in  case  of  short  circuit  or  double  grounds. 

Special  Lamps 

It  is  well  known  that  losses  from  theft  where  mul- 
tiple lamps  are  used  for  street  lighting  are  very  large 
and  even  series  lamps  are  at  times  brought  in  for  free 
renewal. 

i;;^'Several  central  stations  are  now  using  an  auto  trans- 
former, so  that  the  low-voltage,  high-current,  large 
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base  lamps  can  be  used  on  multiple  circuits  for  no 
other  purpose  than  to  eliminate  the  loss  from  theft. 

Series  lamps  have  greater  intrinsic  brilliancy  or  a  more 
compact  filament.  This  allows  of  the  more  effective 
use  of  scientifically  designed  auxiliaries  (reflectors, 
globes  and  refractors.) 

It  is  characteristic  of  the  incandescent  lamp  filament 
that  its  diameter  decreases  during  life,  due  to  evapora- 
tion. The  decreased  diameter  results  in  increased 
resistance.  With  a  constant-current  supply  the  wattage 
is  increased  and  the  candle  power  maintained,  whUe 
on  any  form  of  multiple  or  mixed  circuit  there  must  be 
a  continual  changing  of  the  line  potential  in  order  to 
maintain  contant  candle-power  and  candle-power  is 
what  the  central  station  sells  and  wishes  to  maintain 
as  nearly  constant  as  possible. 

The  speaker  fully  realizes  the  advantage  to  the  manu- 
facturer, distributor  and  central  station  of  having  the 
fewest  possible  types  of  lamps,  but  he  believes  that  the 
series  street  lighting  lamp  is  fully  justified. 

There  is  soon  to  be  installed  at  Saratoga,  N.  Y.,  an 
ornamental  duoflux  unit  consisting  of  1000  candle-power 
and  250  candle-power  lamp  in  one  globe.  A  small 
evacuated  bulb  containing  mercury  and  suitable  ter- 
minals, tilts  one  way  and  then  the  other  by  successive 
throwing  on  of  the  circuit.  The  1000  candle-power 
lamp  will  be  used  until  midnight  and  the  250  candle- 
power  from  midnight  until  daylight.  Simple  switch- 
ing apparatus  can  be  made  use  of  where  a  separate'cir- 
cuit  is  controllable  from  the  station. 

F.  W.  Parker  (read  by  C.  E.  Skinner):  In  Mr. 
Hurley's  paper  under  "apparatus"  the  statement  is 
made  "The  moving  coil  regulator  is  the  only  device 
which  automatically  compensates  accurately  for  short 
circuits  and  double  grounds  on  the  series  line  or  for 
voltage  variation  of  the  constant  potential  supply." 
He  further  states  that  "The  constant-current  regu- 
lator depends  upon  the  electrical  repulsion  existing  be- 
tween the  primary  and  secondary  coils  under  lo^  to 
produce  and  maintain  a  constant  current  in  the  sec- 
ondary or  lamp  circuit.  Such  a  regulator  is  of  great 
value  because  it  can  automatically  maintain  a  fixed 
secondary  current  through  any  number  of  lamps  from 
one  up  to  its  maximum  capacity." 

Is  it  not  a  fact  that  the  repulsion  action  depends 
upon  the  strength  of  the  magnetic  field  set  up  by  the 
current  in  the  primary  and  secondary  coils  of  the  regu- 
lator? The  magnetic  fields  being  proportional  to  the 
value  of  the  current.  Under  short-circuit  conditions 
coming  on  a  part  of  the  series  circuit,  it  must  neces- 
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sarily  result  in  a  greater  current,  hence  the  repulsion 
action  lags  behind  the  current  thereby  introducing  a 
time  element  during  which  the  lamps  remaining  in  the 
circuit  are  subjected  to  abnormal  current. 

What  would  be  the  value  of  this  current  with  a 
short  of  fifty,  seventy-five  or  eighty  per  cent,  and  under 
said  conditions  would  the  remaining  lamps  in  the  series 
circuit  be  injured  or  destroyed? 

Regulators  with  stationary  coils  built  with  high  in- 
herent reaction,  and  operating  upon  the  magnetic  leak- 
age principle  are  used  for  the  control  of  series  incan- 
descent lamp  circuits.  With  this  type  of  regulator  the 
time  element  mentioned  above  is  entirely  removed  and 
it  is  possible  to  get  any  range  of  regulation  desired  by 
adjusting  the  inherent  reaction.  Is  such  equipment 
now  available,  and  when  built  as  described  above,  will 
it  give  full  protection  to  series  burning  lamps  when 
operating  from  a  constant  potential  supply? 

F.  F.  Fowle :  The  example  is  shown  at  the  right  of 
Fig.  3  in  Mr.  Hurley's  paper.  The  example  of  the  open 
loop  circuit  is  shown  at  the  left  in  Fig.  3. 

E.  N.  Lake:  I  don't  understand  that  the  previous 
speaker  intended  to  recommend  a  special  copper  clad 
wire  for  distribution,  but  if  that  was  his  intention  I 
want  to  say  that  the  use  of  copper  clad  wire  may,  under 
certain  climatic  conditions,  prove  to  be  very  unsatis- 
factory. I  refer  particularly  to  locations  where  the 
lines  may  be  close  to  salt  water. 

F.  F.  Fowle:  I  would  like  to  ask  Mr.  Lake  if  he 
has  reference  to  the  bare  wire  or  to  the  weather-proofed 
wire? 

E.  N.  Lake:      The  bare  wire. 

F.  F.  Fowle :  I  will  say,  in  general,  that  the  corro- 
sion of  copper  clad  steel  wire  with  regard  to  its  life, 
would  be  the  same  as  that  of  bare  steel.  It  sometimes 
happens  as  you  say,  near  salt  water,  that  it  corrodes 
rapidly,  but  I  know  that  so  far  as  recommending  it 
is  concerned  there  are  a  great  many  thousands  of 
miles  of  that  wire  that  are  used  both  bare  and  insu- 
lated, and  it  is  giving  on  the  whole,  very  satisfac- 
tory service.  I  can  see  no  reason  why  you  shouldn't 
recommend  it  where  the  economics  of  the  situation 
warrant. 

E.  N.  Lake :  To  take  an  example,  would  you  recom- 
mend it  for  use  across  salt  marshes? 

F.  F.  Fowle:    Yes. 

E.  N.  Lake:    In  the  bare  condition? 

F.  F.  Fowle:    Yes. 

F.  A,  Vaughn :  I  would  like  to  ask  Mr.  Lake  where 
the  corrosion  occurs.     I  would  get  from  inference,  that 
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it  occurred  on  the  steel,  and  with  reference  to  yo\ir  own 
statement  it  would  seem  to  me  it  would  make  no  differ- 
ence, if  the  copper  coating  was  perfect,  whether  there 
were  steel  wire  inside  or  not.  I  should  like  to  ask  Mr. 
Lake  if  the  salt  water,  or  the  salt  air,  did  get  in  to  the 
steel  through  the  copper  coating. 

E.  N.  Lake:  The  particular  installation  that  I 
refer  to  was  along  the  border  of  salt  water  and  it 
became  necessary  to  replace  the  wire  with  solid  copper 
wire.  It  was  not  possible,  from  the  brief  examina- 
tion that  was  made,  to  determine  whether  or  not  it 
was  defective  wire.  The  assumption  would  be,  of 
course,  that  it  was  defective  in  manufacture,  but  the 
fact  is  that,  due  to  the  processes  of  manufacture,  you 
cannot  always  depend  upon  a  uniform  coating  of 
copper  over  the  steel  core. 

F.  F.  Fowle :  Perhaps  I  can  explain  a  little  about 
the  manufacture  which  will  make  it  clear  why  cor- 
rosion sometimes  occurs,  and  why  the  thin  places 
sometimes  occur.  The  copper  clad  steel  wire  has 
been  made  in  this  country  by  three  different  processes. 
It  was  first  made  by  a  companv  that  has  since  gone 
out  of  business.  It  is  now  made  by  the  Griffith  and 
Roth  processes.  At  one  time  the  company  which 
manufactured  it  under  the  Monarch  process  started 
by  using  steel  rounds  and  coated  them  with  copper. 
Then  for  some  reason  or  other  they  abandoned  that 
process  and  began  using  square  steel  bars  and  coated 
them  with  copper.  That  undoubtedly  had  a  bad 
effect.  When  steel  rods  were  used  and  coated  with 
copper  the  steel  was  well  centered  in  the  copper 
coating,  and  it  drew  down,  that  is,  it  rolled  down  very 
uniformly  in  the  hot  rolling,  and  then  drew  down  very 
imiformly  in  the  cold  drawing,  except  in  one  or  two 
cases,  but  with  the  square  sections  there  was  obviously 
a  thmner  coating  of  copper  at  the  four  tips  of  the 
squares  than  there  would  be  at  the  middle  of  the  four 
sides,  or  between  the  tips  of  the  squares,  and  therefore 
bare  steel  was  more  likely  to  occur  at  these  points,  and 
it  did  occur  more  frequently.  While  it  was  made  at 
that  time,  with  the  square  steel  I  think  it  gave  some 
trouble.  As  far  as  I  know  at  this  time  the  two  com- 
panies that  are  making  it  are  both  using  round  steel. 

As  to  the  character  of  the  copper  on  the  outside  of 
the  steel,  all  the  researches  that  I  have  made  on  it 
have  never  indicated  that  the  copper  was  anything 
but  good  metallic  copper,  unless  the  copper  was 
oxidized.  I  have  analyzed  cases  where  we  found  that 
the  wire  had  low  conductivity  and  where  it  was  deter- 
mined upon  getting  the  relative  area  of  the  copper 
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and  steel  that  the  conductivity  should  have  been 
normal.  Upon  an  analysis  being  made  of  the  copper 
it  was  found  that  the  low  conductivity  was  caused 
from  within  the  copper  itself.  Copper  is  exceedingly 
sensitive  to  conductivity.  A  few  tenths  of  a  per  cent 
of  impurity  in  copper  will  effect  the  conductivity 
immensely,  so  that  it  is  necessary  to  be  careful  to  get . 
the  purest  grade  of  copper  on  the  copper  clad  steel, 
as  it  is  to  get  it  in  the  ordinary  copper  wire.  I  have 
known  of  many  cases  of  premature  corrosion  of  copper  • 
clad  steel  that  didn't  occur  as  a  result  of  the  steel 
showing  through  the  copper,  which  really  accounts 
for  corrosion  in  many  cases. 

E.  N.  Lake:  It  would  be  very  interestmg  to  know 
whether  there  is  any  considerable  quantity  of  it  over 
salt  marshes.  I  think  it  would  be  well  to  make  a 
further  investigation. 

F.  F.  Fowle:  I  can't  say  specifically  as  to  whether 
it  is  installed  over  salt  marshes,  although  a  great  deal 
of  it  is  in  use  in  this  country  for  railroad  signal  cir- 
cuits. I  think  that,  however,  is  made  of  weather 
proof  wire. 

Mr.  Cameron:  It  is  true  that  when  a  short 
circuit  involving  an  appreciable  amount  of  the  street 
lighting  circuit  occurs,  there  is  a  time  lag  before  the 
transformer  accommodates  itself  to  the  new  condi- 
tions. That  interval  isn't  a  matter  of.  hours  or 
minutes;  it  is  of  seconds  or  fractions  of  seconds,  and 
one  feature  which  helps  even  to  reduce  that  interval 
is  the  fact  that  the  action  of  the  tungsten  filament 
to  increase  this  current  is  not  instantaneous,  either. 
The  lamp  comes  up  to  heat  after  the  current  has 
increased.  There  is  a  time  lag  there  also,  which,  for 
all  practical  purposes,  eliminates  the  "leisureness"  of 
the  transformer  in  meeting  the  new  conditions. 

As  to  the  second  question,  if  it  is  so  important  that 
even  intervals  of  that  instantaneous  nature  are  worthy 
of  comment,  how  much  more  necessary  is  it  to  have  a 
device  which  meets  that  condition  automatically  and 
instantaneously,  rather  than  with  a  device  where  it 
is  necessary  to  manually  change  taps  after  you  have 
become  acquainted  with  the  conditions  on  the  circuit, 
which  is  not  a  matter  of  seconds  or  fractions  of  seconds, 
but  perhaps  minutes  or  hours,  in  a  division  where  the 
current  may  change  ten  per  cent,  which  is  one  quarter 
the  life  of  the  lamp,  before  the  next  tap  brings  you  a 
better  condition.  That  is,  your  transformer,  without 
regard  to  steps,  automatically  and  instantaneously 
does  it. 
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C.  H.  Shepherd:  The  Commissioners  of  Lincoln 
Park  operate  a  street  and  park  lighting  system  of  some 
1700  street  series  lamps  which  are  supplied  with  power 
from  18 — 714 — ^ampere  series  circuits  with  voltages 
ranging  from  2000  to  7000.  Each  cu-cuit  has  its 
individual  transformer,  regulator,  oil  switch,  control 
panel  and  instruments,  the  power  for  the  entire  system 
being  derived  from  a  12,000-volt  3-phase  power  line 
from  The  Sanitary  District  of  Chicago. 

From  the  standpoint  of  the  lay-out  engineer  these 
circuits  divide  themselves  into  three  main  classes, 
namely,  open  loop,  closed  loop  and  combination. 

In  order  to  properly  segregate  defective  portions  of 
circuits,  pot  heads  are  installed  at  various  points  to 
facilitate  not  only  this  operation,  but  the  locating  of 
trouble  and  maintenance  of  continuity  of  service  as 
well.  At  the  feeding  points  of  all  loop^,  disconnecting 
pot  heads  are  installed  with  triple  braided  jumpers  so 
that  any  loop  may  be  disconnected,  and  Ported  out 
of  circuit  in  case  of  trouble.  At  the  ends  of  all  loops, 
pot  heads  are  installed  with  ^ound  connections  ar- 
ranged so  as  to  be  made  immediately  available  in  case 
of  necessity,  and  where  two  circuits  run  parallel  on  tiie 
same  boulevard  it  is  thereby  made  an  easy  matter  to 
select  for  service  the  two  good  sides  of  these  circuits  or 
loops  in  case  of  the  development  of  a  groijnd  or  open 
on  one  side  of  each.  The  pot  heads  insfalled  at  the 
ends  of  the  circuits  are  also  available  for  rotation 
testing  and  for  opening  any  circuit  for  capacity  tests. 
Pot  heads  are  also  installed  at  the  ends  of  feeder  lines 
on  the  energy  side  of  the  first  lamp  on  each  circuit  and 
the  last  lamp  respectively,  thereby  allowing  the  feed 
line  to  be  disconnected  and  closed  across  for  the  pur- 
pose of  making  a  bridge  test. 

In  cases  where  it  is  necessary  to  interrupt  the  con- 
tinuity of  the  cable  sheath  in  such  places  where  pot 
heads,  triple  braided  lamp  legs,  or  similar  devices  are 
installed,  the  cable  sheath  is  bonded  across  the  break 
and  pot  head  sleeves,  belled  at  the  triple  braided  end 
and  wiped  into  a  sealed  joint,  18  in.  back  of  the  bell, 
are  installed,  thus  effectually  taking  care  of  the  accum- 
idationof  static  at  th^e  points.  In  cases  where  by 
polarity  tests  the  cable  is  shown  to  be  positive  to  ground 
ground  rods  are  installed  and  bonded  to  the  cable 
fi^eath  but  in  places  where  the  cable  shows  negative 
to  ground  the  cable  is  either  insulated,  or  no  action 
is  taken  at  all  where  the  process  of  insulating  would 
be  too  difficult. 

J^In  checking  the  rotation  of  lamps  on  circuits,  a 
ground  is  placed  at  the  center  of  the  loop  in  question, 
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and  another  ground  placed  on  the  right  or  left  re- 
spectively of  the  circuit  at  the  switchboard.  This 
connection  cuts  out  the  lamps  on  the  grounded  leg 
allowing  the  lamps  on  the  imgrounded  leg  to  bunii 
with  the  feeder  transformer  at  half-tap  making  it 
a  very  easy  matter  to  check  up  a  circuit  diagram  by 
merely  running  along  the  circuit  in  a  machine  and 
checking  off  the  lamps  on  the  right  or  left  according 
to  whether  they  bum  or  not. 

On  long  closed  loops  sometimes  involving  an  entire 
circuit,  the  lamps  are  connected  on  the  step  by  step 
system,  or  electrically  staggered  on  the  line  cables. 
This  method  cutting  down  the  greatest  length  of  cable 
between  lamps,  to  two-lamp  spans.  Obviously  this 
construction  facilitates  the  locating  of  trouble  and 
reduces  the  necessary  cuts  to  a  minimum.  The  rota^ 
tion  of  lamps  is  checked  after  each  change  by  the 
method  outlined  above. 

Series  circuits  on  this  system  are  always  treated  as 
condensers,  the  conductor  forming  one  plate  and  the 
grounded  cable  sheath,  the  other.  In  order  to  deter- 
mine whether  or  not  these  circuits  should  be  operated 
grounded  or  ungrounded,  potential  gradient  tests  were 
made  covering  each  circuit  in  question.  On  un- 
grounded circuits  the  potential  gradient  is  almost 
uniform  due  to  the  fact  that  there  is  no  ground  on  the 
circuit,  allowing  the  zero  potential  point  to  shift 
position  to  compensate  for  the  changes  in  reactance 
on  the  circuit  due  to  lamp  burn-outs,  regulator  move- 
ments, etc.  and  the  prevailing  electrostatic  conditions 
tiiroughout  the  entire  length  of  the  circuit,  including 
the  feeder  cable.  With  the  apparent  electrical  center 
of  the  circuit  grounded  the  potential  gradient  is 
unbalanced  and  shows  a  lack  of  uniformity  due  to  the 
fact  that  the  zero  potential  point  is  fixed  by  being 
grounded  and  the  former  flexibility  and  freedom  for 
adjustment  of  the  unbounded  circuit  in  response  to 
changes  of  electrostatic  and  electromagnetic  condi- 
tions is  thereby  seriously  hampered.  Such  unbal- 
ance due  to  action  of  the  regulator  and  to  changes  in 
electrostatic  capacity  caused  by  variations  in  the 
specific  inductive  capacity  of  the  various  dielec- 
trics used  in  the  cable  insulation  along  the  circuits 
are  very  apparent  in  making  such  a  test. 

After  investigation  of  the  potential  gradient  situa- 
tion obtaining  on  this  system,  it  was  apparent  that  the 
advantages  on  an  ungrounded  system  outweighed 
those  inherent  on  a  grounded  system  and  it  was  there- 
fore decided  to  operate  the  system  ungrounded  as 
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it  is  a  very  easy  matter  to  place  grounds  at  the  salient 
points  of  the  circuit  whenever  necessary. 

In  the  early  days  of  this  system  the  series  circuits 
carried  7J^-ampere  enclosed-carbon  arc  lamps  witii 
an  eflSciency  no  better  than  the  average  for  these 
units.  Some  five  or  six  years  ago  the  arc  lamps  were 
eliminated  and  a  compensator  construction  substituted 
on  all  existing  standards,  each  compensator  supplying 
power  to  a  15-ampere  4()0-candle  power  type  C  Isunp. 
As  extensions  to  the  system  were  being  rapidly  made, 
it  was  decided  after  certain  experiments  to  feed  lamps 
on  all  new  construction  from  the  secondary  side  of 
suitable  series-multiple  transformers  and  after  a  series 
of  experiments  and  tests  had  been  conducted  with 
this  end  in  view,  a  standard  transformer  was  adopted 
and  installed  from  that  time  on.  These  transformers 
have  a  partly  open  core — ^the  primary  and  secondary 
windings  betag  insulated  by  a  diel^tric  having  a 
strength  of  20,000  volts,  60  cycle.  The  line  and  lamp 
connections  are  made  with  tinned  brass  wiping  sleeves 
which  are  fitted  with  suitable  lead  sleeves  soldered  on, 
wiped  to  the  cable  sheath,  properly  insulated,  filled, 
refilled  and  sealed,  thus  establishing  a  bell  at  each 
terminal  and  a  100  per  cent  cable  sheath  bond.  This 
construction  operates  as  well  submerged  as  dry,  no 
static  trouble  being  experienced,  as  the  secondaries  are 
not  grounded,  but  are  carried  in  600-volt  duplex 
rubber  and  lead  cable  direct  to  the  lamp. 

The  safety  island  light  system  is  fed  by  transformers 
of  similar  construction,  but  of  a  different  suitable 
characteristic  and  capacity,  each  transformer  having 
as  a  secondary  load  five  standard  56-watt  railway 
type  B  lamps. 

The  capacity  of  the  type  C  transformers  is  approx- 
imately 225  watts  with  a  regulation  within  one-half 
of  1  per  cent  of  normal  full-load  current  and  a  rise  in 
pressure  from  full  load  to  open  secondary  of  not  more 
than  200  per  cent  of  normal,  the  power  consumption 
expressed  as  a  figure  including  line  loss,  averaging 
about  272  watts  per  unit.  The  island  light  trans- 
formers on  the  other  hand  have  a  capacity  of  approx- 
imately 220  watts  with  a  very  low  iK)wer  factor,  and  a 
rise  in  pressure  from  full  load  to  open  secondary  of  not 
more  than  50  per  cent  normal  full-load  pressure. 

By  the  elimination  of  the  arc  lamps  and  substitution 
of  the  devices  mentioned  above,  each  circuit  has  been 
made  metallically  solid,  allowing  a  number  of  advan- 
tages which  did  not  exist  previous  to  the  time 
mentioned.  At  the  present  time  three  continuity 
devices  are  in  service,  viz.:  film  cut-outs,  compexisa* 
tars,  and  series-multiple  transformers. 
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Some  twb  years  ago  a  testing  ground  bus  with 
suitable  quick  connecting  devices  was  installed  on  the 
main  series  circuit  switchboard  allowing  certain  and 
rapid  trouble  shooting  by  means  of  using  the  lamps 
themselves  as  indicators.  This  process  is  extremely 
simple,  it  being  only  necessary  in  the  case  of  a  groimd 
on  the  exterior  circuit,  to  connect  to  the  ground  bus 
the  side  of  the  circuit  nearest  to  the  trouble  as  deter- 
mined by  a  current  test.  The  circuit  is  then  cut  in  at 
half  tap,  the  lamps  on  the  grounded  side  naturally 
being  cut  out  and  a  quick  trip  made  to  the  last  lamp 
out  and  the  first  lamp  burning.  This  point  being 
reached  it  is  quickly  checked  bv  a  reversal  of  the 
groimd  at  the  switchboard,  the  defective  cable  being 
then  narrowed  down  to  two  lamp  spans,  after  which 
the  trouble  is  quickly  located  at  the  exact  point  by  a 
visual  test,  magneto  or  bridge.  In  the  winter  of  1918 
we  had  161  cases  of  trouble  and  the  average  time  of 
location  was  17  minutes.  The  cost  of  this  ground 
bus  was  about  $150  and  it  paid  for  itself  many  times 
over  from  the  first  month  of  use. 

As  stated  above,  any  feeder  lines  may  be  discon- 
nected and  shorted  out  at  the  feeder  point  leaving 
this  line  available  in  case  of  trouble  for  a  Murray 
loop,  or  Varley  loop  test,  or  both.  Open  circuits  on 
similar  lines  may  be  easily  located  by  disconnecting 
sections,  by  the  use  of  a  capacity  bridge,  or  by  breaking 
down  the  insulation  at  the  open  point  by  means  of 
high  tension  to  ground. 

As  an  adjunct  to  the  above,  a  progressive  total  of 
cable  lengths  from  right  to  left  and  from  left  to  right 
on  each  series  circuit  is  being  prepared  which  we 
anticipate  will  greatly  facilitate  the  locating  of  points 
at  any  given  distance  from  the  source  of  supply  of  any 
circuit,  when  such  distance  is  indicated  by  means  of 
a  bridge  or  loop  test. 

W.  A.  Del  Mar:  Some  open-circuit  series-arc 
lighting  systems  have  been  installed.  A  pessimistic 
theorist  might  say  that  they  would  be  objectionable 
from  the  point  of  view  of  inductive  losses,  excessive 
impedance,  etc.  I  would  like  to  know  whether  any 
engineers,  who  are  familiar  with  such  systems,  are 
encountering  any  difficulties  in  operation. 

Due  to  the  small  current  used  in  series  arc  lighting, 
usually  less  than  ten  amperes,  this  objection  is  prob- 
ably not  important.  Nevertheless,  it  would  be  very 
interesting  to  hear  of  some  actual  results  in  practical 
operation. 

Henry  Nixon:  It  is  a  fact  that  we  have  noted 
some  differences  in  the  current  value  at  the  phase  end 
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and  the  ground  end  of  a  long  circuit.  It  hasn't  been 
particxilarly  serious,  except  that  in  the  longer  lines 
it  has  been  necessary  to  install  reactance  in  series  at 
the  point  where  the  return  circuit  starts.  That 
difference  in  the  amperage  between  the  phase  and  the 
grounded  ends  of  the  circuit  I  believe  has  never  been 
more  than  about  0.4  of  an  ampere,  but  on  some  of 
our  circuits  we  operate  at  a  higher  amperage  than  the 
rated  amperage  for  the  lamp.  Mr.  Svnder,  our 
operating  engineer,  was  talkmg  to  me  about  it  the 
other  day  and  in  the  course  of  our  discussion  he  drew 
my  attention  to  the  fact  that  we  were  now  getting  a 
longer  life  out  of  the  four  ampere  lamps  used  on  such 
circuits  than  we  were  out  of  similarly  designed  lamps. 

It  was  our  idea,  from  the  few  figures  we  had  at 
hand,  that  the  average  amperage  at  which  the  lamps 
were  operating — I  don't  know  whether  I  make  that 
clear  or  not — the  average  at  which  the  average  lamp 
was  operating  would  be  slightly  less  than  the  rated 
amperage  of  the  lamp,  giving  a  longer  life  to  that 
lamp.  So  far  as  cable  trouble  is  concerned,  the 
mechanical  troubles  and  grounds,  etc.,  we  consider 
them  negligible.  The  only  trouble  we  havp  is  due  to 
citizens  driving  parkway  stakes  through  the  cable 
and  cutting  it  in  two.  'This  cable  has  been  in  service 
since  1913  and  very  few  cases  of  trouble  have  come 
up  except  from  that  cause.  I  don't  know  whether 
Mr.  Snyder  has  any  figures  here  or  not. 

Mr.  Snyder:    I  have  not. 

F,  A,  Vaughn:  May  I  add  that  the  Milwaukee 
system,  I  think,  is  the  type  of  system  that  Mr.  Del 
Mar  speaks  of,  and  while  the  system  is  not  entirely 
installed,  there  are  hundreds  of  thousands  of  feet  of 
•cable  already  in  and  operating,  and  this  system  is 
largely  of  the  open-loop  circuit  type.  The  cable  is 
broken  up  into  isolated  sections  very  often,  and  so  far 
there  has  been  no  noticeable  or  appreciable  effect  on 
the  system  as  it  is  operating  at  the  present  time.  I 
don't  know  of  any  cases  of  trouble  that  have  arisen 
from  this  cause,  and  while  I  think  there  are  some  of 
the  engineers  of  the  Bureau  of  Illumination  Service 
here,  and  they  have  not  called  my  attention  to  troubles 
of  that  kind,  if  I  am  incorrect,  I  hope  they  will  correct 
me  at  this  time,  but  it  is  a  fact  that  there  has  been  no 
noticeable  effect  from  this  theoretical  thing  that  Mr. 
Del  Mar  speaks  of. 

C.  E.  Skinner:  On  the  question  of  steel  tape 
cable  for  series  distribution,  when  it  first  came  up 
there  were  quite  a  number  of  us  that  thought  it  was 
doubtful  whether  the  inductive  effect  of  the  steel  tape 


30  W.  P.  HURLEY  [Jan.  9 

would  permit  its  use,  but  a  few  tests  on  that  point 
dispelled  our  fears  and  it  is  used  extensively  now. 
About  1912  there  was  quite  a  lot  of  it  put  in  under  my 
direction  at  Champaign,  111.  As  far  as  I  know  they 
have  had  no  mechanical  troubles  due  to  the  breaking 
through  of  the  steel  tape  sheet,  and  no  electrical  troubles 
to  speak  of  outside  of  defective  joints  which  were 
defective  when  they  were  laid. 

F.  F.  Fowle:  Talking  about  the  inductiveness  of 
the  steel  tape  cable,  which  is  quite  comparable  with 
the  case  of  steel  cables  for  ordinary  power  conductors, 
research  has  proved  that  it  is  a  very  interesting  fact 
that  whereas  some  of  the  grades  of  steel,  that  is, 
mild  steel,  are  highly  inductive,  that  a  steel  that 
contains  as  much  carbon  as  the  Sells-Martin  is  practi- 
cally non-inductive.  That  is,  measured  by  the  skin 
effect,  it  is  almost  negligible.  I  made  a  series  of 
tests  on  some  steel  cables  of  all  grades  up  to  the  high 
strength  strand.  The  high  strength  strand  was 
merely  a  trade  name,  but  it  is  really  a  steel  which  has 
somelJiing  like  sixty  or  seventy '  points  of  carbon,  and 
the  skin  effect,  even  with  a  3/8-in.,  seven- wire  strand 
made  of  that  grade  of  steel  is  on  the  order  of  only  one 
or  two  per  cent,  whereas  the  strength  of  the  same  size 
of  strand  made  of  ordinary  wire  strands,  the  skm 
effect  is  very  marked  indeed,  so  that,  by  analogy,  the 
magnetic  circuit  that  would  be  created  around  a 
steel  tape  cable  if  the  proper  grade  of  steel  is  used^ 
would  be  practically  negligible,  but  if  made  of  mild 
soft  steel  there  might  be  a  noticeable  effect. 

C.  E.  Skinner:  There  are  tests  on  this  that  are 
a  matter  of  record,  and  can  be  found  with  a  little 
research.  One  test  in  particular  on  a  certain  open 
loop,  a  street  lighting  circuit,  a  No.  6  steel  tape  lead 
covered  cable,  the  voltage  drop  over  that  was  only 
a  little  over  double  the  ohmic  drop. 

Has  Mr.  Vaughn  had  any  experience  with  the  use 
of  straight  lead  cables  without  the  use  of  tape.  It 
seems  that  the  tape  is  put  on  merely  as  a  protection 
against  accidents,  as  I  understand  it. 

F.  A,  Vaughn:  In  the  older  Milwaukee  system 
practically  ail  is  lead  sheet  cable  without  the  steel 
tape.  Of  course  that  doesn't  bring  into  account, 
however,  the  magnetic  effect  that  Mr.  Del  Mar  speaks 
of,  if  that  is  what  you  have  reference  to,  because  the 
steel  or  iron  tape  is  missing.  Of  course,  the  effect 
from  the  lead  sheet  is  present  on  the  high-voltage 
a-c.  circuits. 

C.  £•  Skinner:  There  are  some  lead -covered 
cables  being  used  without  the  steel  tape,  buried  di- 
rectly in  the  ground. 
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Member:  I  would  like  to  ask  Mr.  Shepherd  if 
he  has  had  any  experience  with  the  steel  line  trans- 
formerd.  That  is  one  point  that  has  not  been  brought 
up,  and  I  believe  it  would  be  interesting  to  hear  some- 
thing about  those  transformers,  the  "pull"  type  regu- 
lating transformers  with  the  moving  coil. 

J.  £•  Royer  (by  letter) :  I  will  give  you  some  idea 
of  what  is  used  in  Spokane. 

About  a  year  ago  all  the  overhead  lights  were 
changed  from  the  7 . 5-ampere  series  arc  lamps  to  the 
6.6-ampere  Westinghouse  Luxolite  fixture  with  the 
incandescent  lamp.  The  maintenance  with  the  new 
system  is  about  the  same  as  under  the  old  series  arcs, 
but  as  the  incandescent  lamps  take  less  voltage,  it 
I)ermitted  putting  more  lamps  per  circuit  on  the  same 
station  equipment  and  in  so  doing  spare  transformer 
capacity  was  gained.  Out  of  1500  lamps  in  circuit  at 
the  beginning,  1558  replacements  have  been  made 
during  the  year  giving  about  2000  hours  as  the  average 
life  per  lamp,  although  in  a  few  cases  lamps  have  gone 
as  high  as  4500  hours  burning.  The  causes  for  re- 
newals are  many,  the  greater  per  cent  being  breakage, 
high  voltage  (crosses)  and  faulty  manufacture.  The 
voltage  of  the  primary  circuit  ranges  from  5000  to 
7000  volts  while  with  the  old  series  arcs  in  some  cir- 
cuits it  was  as  high  as  10,000  volts. 

On  sidewalk  lighting  the  6 . 6-ampere  liuninous  d-c. 
arcs  are  used  on  constant  current  transformers  witii 
rectifier  tubes,  in  most  cases  four  tubes  being  used, 
two  tubes  in  parallel  on  each  side  but  only  one  tube 
I)€r  side  taking  the  load.  We  have  had  quite  a  little 
trouble  with  tubes  during  the  past  year  in  the  matter 
of  hours  life.  The  later  tubes  do  not  seem  to  have 
the  good  qualities  the  earlier  ones  had.  I  hope  some- 
thing in  the  way  of  care  and  treatment  of  tubes  will 
come  up  in  the  discussion  as  we  have  tried  drying, 
washing  and  rest,  but  as  I  said  before,  the  life  of  the 
later  tubes  does  not  come  up  to  what  we  used  to  get. 

In  the  matter  of  testing  circuits  in  daylight  hours, 
we  test  with  220  d-c.  every  three  hours  for  open  or 
ground. 

W,  P,  Hurley:  The  moving  coil  regulator  has 
an  inherent  reactance  of  approximately  40  per  cent 
when  the  coils  are  in  the  full-load  position.  This 
value  increases  to  100  per  cent  depending  on  the  load 
which  in  turn  determines  the  position  of  the  coils. 
Tests  with  an  oscillograph  have  shown  that  such  a 
regulator  has  imder  full-load  and  short-circuit  con- 
ditions, enough  reactance  to  amply  protect  the  series 
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lamps  remaining  in  the  circuit.  The  current  returns 
to  approximately  normal  value  within  less  than  one 
second.  These  regulators  are,  in  many  installations, 
started  by  time  switches  without  separating  the  coils 
or  injuring  the  lamps.  The  maxunum  current  in 
the  lamp  is  approximately  three. times  the  normal 
current  when  the  regulators  are  so  started. 
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MULTIPLE  SYSTEMS  OF  DISTRIBUTION  FOR 

STREET  LIGHTING 


BY  WARD  HARRISON 

Engineering  Department,  National  Lamp  Works 


The  wider  use  of  multiple  lamps  supplied  from 
standard  secondaxy  distribution  systems  is  considered 
as  a  step  in  simplifying  operating  problems  and  reduc- 
ing the  disporportionate  cost  wmch  goes  to  cover  fixed 
charges  on  special  equipment  and  additional  lines  for 
street  lighting  only.  The  advantages  in  simplicity  and 
flexibility  of  multiple  connected  lamps  are  discussed 
with  particular  reference  to  the  frequent  changes 
and  extensions  of  street  lighting  service  requirod 
in  growing  cities.  The  more  general  adoption  of 
multiple  street  lighting  is  stated  to  be  contingent 
upon  fuller  standajrdization  of  suitable  methods  of  con- 
trol applicable  generally  to  existing  electrical  power 
distribution    systems.     Different   devices   in   use    or 

Proposed  for  control  of  multiple  street  lamps  are 
riefly  described  and  the  characteristics  desirable  in 
such  apparatus  are  outlined.  Attention  is  directed 
to  the  small  differences  in  efficiency  of  present  multiple 
and  series  incandescent  lamps. 
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r  I IHE  problem  of  securing  street  lighting  most 
economically  from  multiple  connections  is  one 
whose  possibilities  are  far  from  exhausted,  for 
multiple  street  lighting  circuits  and  suitable  control 
devices  have  not  as  yet  progressed  to  the  same  degree 
of  standardization  as  those  of  the  series  type.  In  the 
past,  each  individual  case  has  been  worked  out,  as  far 
as  possible,  by  adapting  existing  apparatus  to  meet  the 
requirements  of  the  particular  situation.  The  purpose 
of  the  present  paper  is  to  review  the  systems  now  in  use 
with  their  methods  of  control,  and  to  indicate  some  of 
the  more  promising  avenues  of  development. 

Extent  of  Use 

In  European  cities,  multiple  street  lighting  systems 
are  practically  as  common  for  both  arc  and  incandes- 
cent lamps  as  are  series  systems  in  this  country.  Even 
here,  where  series  circuits  predominate,  there  are, 
notwithstanding,  a  large  number  of  straight  multiple 
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systems  in  operation.  It  is  true  that  they  are  largely 
confined  to  cities  where  low-tension  current  only  can  be 
used.  Of  these  cities,  New  York,  with  many  thou- 
sands of  such  lamps,  is  the  most  prominent  example. 


Fio.  1-Typk-ai.  Ovki 
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It  is  worthy  of  note,  however,  that  in  cities  nominally 
lighted  from  series  circuits,  considerable  numbers  of 
street  lamps  will  be  found  operated  from  the  multiple 
distribution  system. 

Advantages 

The  following  advantages  which  contributed  to  the 
standardization  of  muitiple  distribution  for  all  other 
types  of  electric  service  apply  also  to  street  lighting. 
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1.  Widest  choice  in  number  and  sizes  of  lamps  to 
be  connected  to  circuit. 

2.  Ease  of  adding  more  lamps  or  lamps  of  higher 
wattage. 

3.  Simplicity  and  low  cost  of  fixtures  and  accessories. 

4.  Safety. 

The  matter  of  flexibility  is  of  immediate  importance 
in  the  problem  of  designing  street  lighting  for  American 
cities  and  towns.  There  is  not  only  steady  growth  in 
population  and  area  covered,  but  there  are  also  unex- 
pected demands  from  time  to  time  for  increased  street 
lighting  service  in  given  areas.  The  result,  with  series 
circuits  of  units  of  50  to  100  lamps  included  on  a  single 
line,  is  that  there  must  be  an  almost  continual  process 
of  rearrangement  and  redivision  of  lamps  among  dif- 
ferent circuits.  In  many  cases  service  can  only  be 
provided  after  considerable  delay  and  at  relatively  high 
cost,  because  existing  circuits  are  so  completely  loaded 
that  the  addition  of  a  few  lamps  makes  necessary  an 
extended  revision  of  the  system.  No  such  limitations 
attend  when  the  street  lamps  are  operated  from  the 
general  multiple  distribution  system. 

An  additional  advantage  of  multiple  street  lighting 
is  that,  as  mentioned  above,  the  multiple  circuit  is  now 
used  exclusively  by  central  stations  for  every  other 
service.  Were  it  used  generally  in  street  lighting  as 
well,  the  reduction  in  types  of  apparatus  required  and 
the  resulting  simplicity  of  operation  would  benefit  both 
the  electrical  manufacturer  and  the  central  station. 
At  the  present  time,  when  a  new  real  estate  sub-division 
or  allotment  is  opened,  it  is  common  practise  for  the 
lighting  company  to  run  a  set  of  2300-volt  feeders  to 
cover  the  plot,  and  to  furnish  service  to  houses  as  they 
are  built.  At  the  same  time,  a  series  transmission  line 
is  extended  to  furnish  the  necessary  street  lighting  for 
the  sub-division,  and,  in  anticipation  of  increased 
requirements  for  service,  both  supply  circuits  are 
installed  with  a  large  excess  capacity.  The  principal 
reasons  for  this  duplication  of  service  have  been: 

1.  The  arc  lamp  is  inherently  a  constant  current 
device  and  gives  its  best  operation  and  greatest  effi- 
ciency on  series  rather  than  on  multiple  circuits. 
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2.  The  series  circuit  is  the  simplest  and  most  effi- 
cient method  of  supplying  energy  to  comparatively 
anall  units  scattered  over  wide  areas;  in  many  cases 
electric  street  lighting  ante-dated  the  general  use  of 
electricity  in  residences  by  a  considerable  period. 

3.  A  separate  system  of  distribution  has  furnished 
a  convenient  means  of  automatically  lighting  and 
extinguishing  street  lamps  from  the  central  station. 

There  is  an  insistent  demand  for  the  extension  of 
.Vio^laic  street  lighting  service  in  territory  not  now 
served  T^y  series  lines,  as  for  example,  in  Ohio  cities, 
where  in  the  past  a  considerable  portion  of  the  lighting 
has  been  furnished  by  natural  gas,  the  supply  of  which 
is  being  rapidly  depleted.  In  such  territory  the  resi- 
dences are,  for  the  most  part,  furnished  with  current 
from  overhead  circuits  along  the  rear  lot  lines,  and  the 
introduction  of  a  pole  along  the  street,  to  carry  the 
series  circuit  has  often  met  with  a  decided  protest  from 
the  property  holders.  On  the  other  hand,  the  cost  of 
imderground  construction,  with  ducts  running  parallel 
to  the  curb,  is  almost  prohibitive,  Especially  in  view  of 
the  increasing  frequency  with  which  concrete  drive- 
ways now  cross  the  parking  in  residence  districts. 
High-tension  underground  lines  passing  through  pri- 
vate property  from  the  rear  lot  lines  to  the  street,  also 
involves  expensive  construction  if  safety  is  to  be  assured. 
Taken  altogether,  the  conditions  point  toward  the  use 
of  low-tension  multiple  circuits  from  the  pole  lines  in 
the  rear  to  the  posts  on  the  street,  brought  out  either 
overhead  or  underground,  as  occasion  may  require. 
Under  these  circumstances  the  underground  construc- 
tion may  be  in  the  form  of  a  relatively  inexpensive 
lightly-insulated  sheathed  conductor  protected  simply 
by  fuses  at  the  transformer.  Such  a  conductor  is  very 
much  less  expensive  than  that  designed  for  high-tension 
work,  and  it  can  be  installed  without  opening  a  wide 
trench  across  the  lawn.  If  such  a  conductor  is  acci- 
dentally severed  no  serious  harm  can  result,  and  the  loss 
in  itself  is  small. 

Control 

Today  if  incandescent  street  lamps  were  to  be  oper- 
ated throughout  the  twenty-four  hours  instead  ol  at 
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night  only,  there  would  be  no  discussion  as  to  the 
desirability  of  connecting  them  to  the  existing  multiple 
distribution  system,  but  the  obvious  diflSculty  in  this 
practise  lies  in  obtaining  a  thoroughly  satisfactory 
method  for  turning  the  lamps  on  and  off.  Of  course, 
wherever  the  load  is  sufficiently  concentrated  to  justify 
a  separate  circuit  from  the  substation,  as  in  the  case  of 
many  so-called  White  Way  installations  in  the  business 
streets  of  cities,  the  lamps  may  be  switched  at  the  sub- 
station in  the  same  way  as  in  the  case  of  series  circuits. 
Ususally,  however,  to  bring  the  circuits  back  to  the 
sub-station  entails  a  prohibitive  expense  in  copper  and 
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PiQ.  4 — Cascade  Control  op  Multiple  Street  Lamps 


it  is  necessary  to  supply  the  lamps  from  several  different 
transformers  or  feeders  located  nearer  the  lamps.  For 
example,  in  the  case  of  residence  districts,  it  would  be 
particularly  desirable  if  the  street  lamps  could  be 
supplied  from  the  same  circuits  located  in  each  block, 
which  now  provide  service  for  the  residential  con- 
sumers, as  in  Fig.  8. 

The  simplest  plan  is  of  course  to  have  the  lamps 
turned  on  and  off  by  hand  through  the  agency  of  a 
patrol  messenger.  Where  labor  is  cheap,  as  in  some  of 
the  European  and  Asiatic  countries,  this  has  been 
found  a  satisfactory  and  economical  solution.  In  this 
country  there  are  many  cities  where  the  White  Way 
lighting  is  turned  on  and  off  by  the  policemen  on  duty. 
However,  in  view  of  the  higher  cost  of  labor  in  the 
United  States  and  the  extended  distances  between 
lamps,  hand  control  is  less  desirable.  Furthermore, 
the  fact  that  gas  companies  are  forced  to  rely  upon 
manual  control,  and  the  diflSculties  which  they  have 
experienced,  have  served  to  deter  electric  lighting 
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companies  from  resorting  to  it,  excepting  where  there 
was  no  practical  alternative  in  the  way  of  a  mechanical 
or  electrical  control. 

Most  of  the  efforts  toward  the  development  of 
remote  control  of  multiple  street  lamps  on  110-220- 
volt  circuits  can  be  grouped  imder  three  general  types 
of  systems, — cascading,  relay  switches  operated  from  a 
pilot  wu^,  and  automatic  clock  or  unpulse-operated 
relay  switches  without  separate  control  circuit.  Dia- 
grams illustrating  these  three  methods  of  remote  control 
are  shown  in  Figs.  4,  5  and  6. 

In  the  cascade  method  the  section  of  lamps  nearest 
the  sub-station  or  control  point  are  switched  on  and  off 
by  hand  or  a  clock  control  switch.  Energizing  of  this 
section  serves  to  close  a  relay  operating  the  switch  for 
a  second  section.  At  the  end  of  the  second  section  is  a 
similar  relay  which,  being  energized,  closes  the  circuit 
for  the  third  section  of  lamps,  and  so  on.  Opening  the 
switch  on  the  first  section  of  lamps  serves  to  de-energize 
the  other  sections  of  lamps  in  the  same  order.  It  is 
obvious  that  a  method  of  this  kind  can  be  used  for 
either  alternating-  or  direct-current  systems,  or  even  a 
combination,  and  the  load  may  be  carried  from  as 
many  separate  transformers  or  sets  of  feeders  as  desired. 

In  the  cascade  system  a  failure  of  current  supply  in 
any  section  will  turn  out  the  lamps  in  succeeding 
sections  of  that  cascade.  However,  this  diflBculty  can 
be  minimized  by  provision  for  hand  operation  of  the 
switches  in  case  of  failure  of  one  of  the  units. 

The  so-called  pilot  wire  control  utilizes  a  somewhat 
different  principle  for  switching  the  lamps  on  and  off. 
In  this  method,  as  will  be  seen  from  Fig.  5,  lamps  of 
the  system  are  grouped  in  sections  of  suitable  size  to 
be  controlled  by  a  single  switch  and  the  separate 
switches  are  operated  from  a  pilot  wire  which  is 
energized  from  the  sub-station  or  control  point.  The 
pilot  wire  can  obviously  be  made  of  low  current  carry- 
ing capacity  since  it  does  not  carry  the  lamp  current 
but  simply  serves  to  energize  the  switch  relays.  Switch 
relays  of  several  different  models  have  been  developed 
in  connection  with  this  pilot  wire  control.  The 
amplest  type  consists  of  a  solenoid-operated  switcYi, 
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which  is  closed  or  opened,  depending  on  whether  the 
current  is  on  or  off  the  control  wire.  Preferably, 
switches  of  this  type  should  be  closed  when  the  pilot 
wire  is  de-energized,  so  that  if  the  pilot  circuit  is 
accidentally  opened  the  lamps  will  all  be  lighted,  even 
though  the  break  should  occur  during  the  daytime  and 
therefore  result  in  some  waste  of  current. 

Another  type  includes  a  mechanism  with  on  and  off 
positions.    With  this,  the  first  time  the  control  wire  is 
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Fig.  5 — Pilot  Wihe  Relay  Switch  Control 

energized  the  lamps  are  lighted.  The  next  time  the 
lamps  are  turned  off,  and  so  on.  Continuous  applica- 
tion of  current  to  the  control  wire  is  not  necessary  with 
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Fig.  6 — Control  by  Automatic  Clock  or  Impulse  Operated 
Relay  Switches  Without  Separate  Control  Circuit 


this  form,  but  there  exists  a  possibility  of  lamps  being 
left  turned  off  when  it  was  desired  to  have  them  on,  or 
vice  versa,  due  to  the  switches  getting  out  of  step.  A 
pilot  or  signal  switch  at  the  control  station  has  been 
suggested  to  obviate  this  uncertainty.  Also,  one 
manufacturer  has  provided  for  convenient  hand  setting 
of  individual  switches  which  might  drop  out  of  step. 

In  an  endeavor  to  avoid  the  objections  raised  against 
the  impulse-operated  switches  of  the  type  just  described 
other  forms  have  been  developed  which  operate  from 
impulses  pf  different  strength.  One  of  this  type  is 
illustrated  in  Fig.  7.  The  solenoid  has  two  plungers  so 
adjusted  that  a  certain  current  will  lift  one  and  close 
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the  circuit.  The  impression  of  double  this  voltage  on 
the  control  circuit  lifts  the  second  plunger  which 
releases  the  catch  and  opens  the  lamp  circuit.  Such  an 
arrangement  using  different  impulses  for  the  on  and  off 
position,  has  the  advantage  of  avoiding  the  possibility 
of  switches  falling  out  of  step.    For  instance,  when 
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turning  on  the  lamps  the  control  circuit  can  be  given 
several  impulses  if  desired  without  fear  of  leaving  the 
switches  in  the  wrong  position. 

In  order  to  reduce  the  wattage  required  to  operate 
the  switch  to  the  lowest  possible  value  and  to  be  able 
to  carry  a  large  number  on  a  single  control  circuit,  the 
parts  are  made  light  in  weight.  Corrosion  and  the 
resultant  f^lure  of  switches  is  avoided  by  sealing  the 
entire  mechanism  in  a  giass  hulb  filled  with  an  inert  gas. 
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The  capacity  of  these  small  switches  is  limited,  but 
where  a  heavy  current  is  to  be  handled  they  can  be  used 
as  relays  to  operate  a  circuit  breaker. 

The  pilot  wires  for  operating  the  types  of  switches 
described  may  connect  the  switches  in  series.  A 
greater  flexibility  in  making  extensions  results  if  the 
switches  can  be  operated  in  parallel,  and  in  this  case 
the  neutral  or  grounded  side  of  the  distribution  system 
may  be  used  as  one  side  of  the  control  circuit  and  only 
one  wire  need  be  run  to  each  switch.  With  a  switch 
which  operates  on  an  impulse  transmitted  at  low 
voltage,  a  relatively  inexpensive  galvanized  iron  wire 
such  as  is  used  in  telegraph  circuits,  will  frequently 
prove  satisfactory. 

Since  the  installation  of  a  pilot  or  control  circuit 
involves  a  certain  amount  of  inconvenience  and  expense, 
considerable  attention  has  already  been  directed 
toward  the  development  of  a  remote-control  switch 
system  which  would  not  require  extra  wiring  beyond 
the  necessary  extension  of  the  circuit  from  the  feeders 
to  the  lamps.  One  of  the  earliest  devices  for  accom- 
plishing this  result  was  the  clock  or  time  switch. 
Early  designs  were  often  unreliable  in  operation,  and 
therefore  quite  unsatisfactory;  however,  there  are 
available  at  present,  time  switches  which  withstand  the 
severe  conditions  to  which  they  are  subjected.  Again, 
time  clock  switches  may  be  had  which  are  electrically 
woimd  and  which  may  be  set  to  change  the  time  of 
switching  the  lamps  automatically,  according  to  a 
prearranged  schedule  of  burning.  Experience  has 
indicated  that  clocks  require  a  considerable  amoimt  of 
attention  and  regulation  to  keep  them  operating  and  in 
close  agreement  with  each  other.  This  factor,  together 
with  the  question  of  initial  cost,  has  hindered  the  more 
extended  use  of  these  devices. 

A  tiny  synchronous  motor-operated  clock  switch 
requiring  an  almost  negligible  wattage,  is  also  available 
for  remote  control  switching  on  alternating-current 
circuits.  This  switch  would  find  its  best  application  in 
systems  whose  average  frequency  is  well  maintained 
and  where  there  are  but  few  interruptions  of  service. 
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Otherwise  the  switches  are  liable  to  require  a  consider- 
able amount  of  resetting. 

Quite  a  different  and  a  more  satisfying  solution  of 
the  problem  of  providing  an  economical  and  satisfactory 
remote  control  for  multiple  street  lamps  would  appear 
to  lie  in  the  development  of  a  system  of  switch  controls 
operated  without  pilot  wires  and  without  clock  mechan- 
isms, but  so  arranged  as  to  be  actuated  at  will  from  the 
power  station  or  control  point. 

One  remote  control  switch  now  on  the  market  is 
operated  by  "winking",  or  quickly  opening  and  closing 
the  supply  circuit.  Where  the  other  load  carried  on 
the  same  distribution  system  is  of  such  character  that 
a  momentary  interruption  of  power  does  not  interfere 
with  its  operation,  this  method  will  work  out  success- 
fully. 

Also,  experimental  apparatus  has  been  built  showing 
the  practicability  of  operating  switch  relays  by  varying 
the  frequency  of  the  alternating-current  supply  a  few 
cycles  above  and  below  normal.  The  opening  and 
closing  of  the  relay  circuit  may  be  controlled  simply 
by  the  vibration  of  metal  reeds  similar  to  those  in  the 
familiar  frequency  meter,  tuned  to  the  proper  fre- 
quencies. An  arrangement  of  this  kind  would  appear 
to  be  practical,  at  least  in  smaller  communities  where 
there  are  no  serious  difficulties  attendant  upon  momen- 
tarily changing  the  speed  of  the  generators. 

Different  experimenters  have  proposed  also  the  use 
of  relay  switches  receiving  impulses  from  wireless  waves, 
though  so  far  as  is  known,  the  opportunities  of  develop- 
ment in  this  field  have  not  been  exploited. 

Operation  of  the  switch  relays  by  means  of  selenium 
cells  has  been  suggested.  The  operation  of  such 
switches  would,  however,  be  entirely  dependent  on  the 
amount  of  daylight,  and  would  not  necessarily  control 
the  lamps  according  to  the  fixed  hours  of  burning 
involved  in  many  street  lighting  contracts.  Further- 
more, it  would  not  be  possible  to  turn  the  system  on  and 
off  for  test  or  other  purposes,  except  by  the  additional 
provision  of  hand-operated  switches. 

The    development    of   a    phantom-circuit-operated 
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control  switch  has  been  described  elsewhereS  and  with 
further  development  this  plan  would  appear  to  have 
promising  possibilities.  At  present,  however,  the 
expense  of  the  apparatus  is  too  great  to  permit  of  an 
individual  control  for  each  lamp. 

TABLE  I. 

COMPARATIVE  EFFICIENCIES  OF  GAS-FILLED 
INCANDESCENT  UNITS. 


Multiple  Lamps 


Lumens 

Watts 

Lumens 

per  watt 

100 

1,260 

12.57 

150 

2,040 

13.66 

200 

3,100 

15.51 

300 

4.840 

16.11 

500 

8.750 

17.45 

750 

13.900 

18.48 

1.000 

19.300 

19.33 

Series  Lamps 


Nominal 

Approx. 

Approx. 

Lumens 

Amperes 

candle  power 

watts 

lumens. 

per  watt. 

6.6 

100 

72 

1.000 

13.96 

6.6 

250 

155 

2.500 

16.11 

15. 

400 

240* 

4.000 

16.65* 

20. 

600 

344* 

6.000 

17.45* 

20. 

1,000 

556* 

10,000 

18.00* 

20. 

1,500 

809* 

15.000 

18.55* 

*Includes  7  per  cent  allowance  for  loss  in  transformation. 

It  seems  reasonable  to  believe,  however,  that  appara- 
tus operated  without  a  pilot  wire  should  soon  be  de- 
veloped by  means  of  which  street  lamps  can  be  lighted 
and  extinguished  at  will,  in  a  manner  which  is  not  open 
to  any  of  the  foregoing  objections.  At  the  same  time 
it  is  evident  that  such  a  system,  to  be  successful,  must 
not  involve  a  high  cost  per  unit  installed ;  also,  it  must 
not  require  the  addition  of  any  considerable  amount  of 
equipment  on  the  2200  lines;  finally,  its  mode  of 
operation,  particularly  if  it  involves  the  use  of  high 
frequency,  must  be  such  that  there  is  no  possibility  of 
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injury  to  transformer  insulation  or  to  any  apparatus 
forming  a  part  of  the  present  standard  distribution 
system. 

Lamp  Characteristics 

The  serious  loss  in  light  output  when  incandescent 
lamps  are  operated  at  less  than  rated  voltage,  is  shown 
graphically  in  Fig.  9.    Because  of  this  characteristic  it 
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Fig.  9 — Voltage,  Candle  Power  and  Wattage  Character- 
istics OF  Multiple  Tungsten  Filament  Lamps 

is  essential  with  multiple  systems  that  lamps  be  used 
whose  ratings  correspond  closely  to  the  voltage  mea- 
sured at  the  socket.  In  most  cases  with  series  systems, 
the  operation  of  all  lamps  at  proper  eflSciency  is 
assured  if  the  current  is  maintained  at  the  correct 
value  at  the  station.  In  some  midtiple  installations  a 
large  number  of  lamps  may  be  carried  on  comparatively 
long  branches,  so  that  there  exists  a  considerable 
difference  in  voltage  between  sockets  near  the  feeders 
and  at  the  far  end.  This  difference  in  voltage  may 
become  so  great  that  the  expedient  of  using  lamps  of 
two  or  even  three  different  voltages  is  sometimes 
followed.  Under  these  circumstances  every  lamp  post 
must  be  marked  with  a  symbol  indicating  the  proper 
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voltage  of  lamp  to  be  used  in  the  replacement  of  bum- 
outs.  In  spite  of  this  precaution,  however,  confusion 
of  lamp  voltages  is  very  likely  to  arise  imless  the  main- 
tenance of  the  system  is  supervised  with  unusual  care. 
A  plan  which  is  usually  preferable  is  to  provide  for  a 
very  small  drop  between  the  street  lamp  and  the  supply 
circuit  by  running  short  branches  and  operating  from 
one  to  three  lamps  on  a  branch.  Table  I  shows  the 
eflSciency  of  the  various  sizes  of  multiple  and  series 
lamps  computed  in  lumens  per  watt.  For  the  15-and 
20-ampere  units  an  allowance  of  7  per  cent  has  been 
made  to  cover  loss  in  transformation.    In  Fig.  3  these 
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data  have  been  plotted  graphically  so  that  the  compara- 
tive efficiency  of  series  and  multiple  lamps  of  equivalent 
output  may  be  readily  seen.  In  the  case  of  those  series 
lamps  which  are  available  both  in  6.6  and  higher 
amperages,  the  more  efficient  type  has  been  shown. 
The  very  slight  inferiority  of  multiple  lamps  from  the 
standpoint  of  efficiency  is  worthy  of  note. 

The  depreciation  in  candle  power  or  falling  off  in 
light  output  during  life,  is  comparatively  slight  for  the 
modem  types  of  gas-filled  incandescent  lamps.  The 
curve  of  Fig.  10,  based  on  life  tests  of  a  large  nimiber  of 
lamps  of  the  sizes  customary  in  street  lighting,  illus- 
strates  the  performance  which  may  be  expected. 

Conclusion 

A  fundamental  reason  for  the  increasing  interest  in 
multiple  systems  for  street  lighting  is  the  growing 
realization  that  with  present  systems  but  a  small  part 
of  the  total  cost  of  operation  per  lamp  per  year  (usually 
not  more  than  one-third)  is  to  cover  the  actual  cost  of 
light;    i.  6.,  cost  for  current  and  lamp  renewals,  or 
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electrodes;  the  major  portion  consists  of  fixed  charges 
on  special  equipment,  floor  space  rental  in  substations, 
and  proportionate  charges  for  the  use  of  pole  lines  and 
underground  ducts.  Furthermore,  these  latter  charges 
are  abnormally  high  per  kv-a.  owing  to  the  small  load 
carried  on  the  average  series  circuit.  Twenty-three 
hundred  and  11,000-volt  multiple  circuits  may  be 
loaded  at  400  to  4000  kv-a.,  while  a  6.6-ampere  circuit 
occupying  an  adjoining  duct,  is  usually  considered  fully 
loaded  at  20-30  kv-a. 
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A  Discussion  on  * 'Multiple  Systems  op  Distribu- 
tion FOR  Street  Lighting"  (Harrison), 
Chicago,  III.,  January  9,  1920. 

N.  B.  Hinson:  I  would  like  to  ask  Mr.  Harrison 
why  it  is  the  switch  is  put  on  the  secondary  circuit 
rather  than  on  the  primary  side  of  the  transformer. 

Ward  Harrison:  The  reason  we  have  shown  the 
control  in  each  case  on  the  secondary  side  is  that  we 
feel  in  any  system  of  multiple  distribution  it  is  desirable 
to  be  able  to  utilize  the  transformer  already  installed 
for  house  lighting  circuits,  as  shown  in  Fig.  8  of  the 
paper.  Again,  any  system  of  switching  has  the  pos- 
sibility of  getting  out  of  order,  and  also  the  possibility 
of  being  ground^.  If  you  can  keep  these  switches  off 
the  22()0-volt  line  and  install  them  on  the  110,  a  ground 
or  short  circuit  has  no  more  serious  effect  on  the  system 
than  if  it  were  in  your  own  house. 

C.  E.  Skinner:  The  fact  that  the  transformer  would 
usually  be  there  for  other  purposes  would  answer  that 
question  in  most  cases.  The  street  lighting  would 
simply  be  a  part  of  the  whole  general  scheme  of  multiple 
distribution.  Where  Mr.  Harrison  says  that  the  ques- 
tion of  control  is  one  of  the  governing  features  he  hit 
the  nail  squarely  on  the  head,  were  it  not  for  the  limited 
distances  that  multiple  circuits  can  be  operated  from 
the  source  of  supply,  the  transformer  or  whatever  it 
may  be,  the  question  of  control  would  not  be  diflScult, 
but  on  account  of  the  fact  that  if  you  are  going  to  use 
street  lighting  on  a  multiple  plan  you  can  only  econom- 
ically supply  a  very  limited  number  of  lamps  from  one 
center,  means  that  you  have  to  have  a  lot  of  control 
points. 

N.  B.  Hinson :  A  list  of  the  different  types  of  street 
lighting  systems  of  the  Southern  Calif  omia  Edison  Com- 
pany, Southern  Division,  will  give  some  idea  of  the  kinds 
of  circuits  used  and  tendency  to  adopt  series  circuits 
as  standard. 

There  are  seven  cities  with  d-c.  series  arcs,  three 
with  a-c.  series  arcs,  and  two  with  both  a-c.  and  d-c. 
series  arcs.  Six  cities  have  multiple  incandescent 
oyer  head  systems,  only  one  of  these  being  a  very  large 
city.  There  the  lamps  are  controlled  by  a  special  pri- 
mary circuit  which  feeds  the  street  lighting  transformers. 
Seven  cities  have  series  incandescent  overhead  systems, 
most  of  which  are  fed  from  constant-current  transformers 
in  the  substations.  A  few  are  controlled  by  outdoor 
type  constant-current  transformers  mounts  on  ix)les 
and  operated  by  time  switches.  Eight  cities  have  mul- 
tiple lamps  in  ornamental  posts  only,  and  s\x  senes 
hanps  in  ornamental  posts  only.     Some  oi  the  a\>ov^ 
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cities  which  have  overhead  circuits  also  have  ornamental. 
Twenty-seven  of  these  systems  are  multiple  lights,  and 
twenty-two  series.  All  of  the  multiple  being  old  instal- 
lations, the  series  are  newer  systems. 

All  of  the  series  ornamental  systems  except  one,  are 
cut  up  into  smaller  systems  so  as  to  limit  the  voltage 
on  each  individual  circuit  to  a  value  of  less  than  600 
volts;  only  one  system  being  operated  at  high  voltage. 
This  has  been  done  as  it  is  not  considered  s^e  to  carry 
the  high  voltage  of  the  series  circuit  direct  to  the  post. 
Most  of  the  multiple  ornamental  systems  are  operated 
from  a  special  primary  system  which  feeds  the  street 
lifting  transformers. 

The  reason  for  the  almost  universal  use  of  series  cir- 
cuits is  due  to  the  lower  first  cost  of  the  system,  either 
overhead  or  underground  for  ornamental  posts,  the 
reduced  maintenance  due  to  the  longer  life  of  lamps, 
and  the  increased  efficiency  of  the  series  lamp,  particu- 
larly on  the  smaller  size  units,  which  size  predominates. 

A  brief  description  of  a  city  which  is  lighted  by  orna- 
mental posts  only  and  which  were  installed  quite  re- 
cently, may  be  of  interest. 

Due  to  the  high  cost  of  material  and  the  special 
requirements  of  a  particular  installation,  a  new  type 
of  system  has  been  developed,  which  we  have  christened 
"Conduit  Return".  It  has  proven  very  satisfactory 
for  other  installations  than  the  one  for  which  it  was 
designed.  A  brief  description  of  the  original  conduit 
return  system  may  be  of  interest. 

The  city  in  question  has  three  distinct  sections, 
long  blocks  and  very  irregular  streets.  It  was  desired 
to  operate  the  lamps  on  a  double  schedule,  that  is,  all 
of  the  lamps  were  to  bum  until  12  o'clock  and  then 
about  half  were  to  be  extinguished  and  the  remainder 
to  bum  all  night.  This  means  two  circuits,  and  it  was 
agreed  that  one  side  of  the  street  should  be  the  mid- 
night and  the  other  the  all  night.  This  simplifies  tiie 
wiring,  but  the  sections  were  so  long  in  some  cases  a 
complete  loop  would  ran  the  voltage  higher  than  that 
at  which  the  rubber  covered  wire  could  be  operated, 
and  in  other  sections  no  complete  loops  could  be  made 
because  of  the  streets,  and  in  all  of  the  sections  there 
was  an  odd  number  of  streets;  also  all  the  pole  lines  are  in 
alleys  and  in  one  section  the  whole  territory  is  under- 
ground so  that  the  possible  feed  points  were  limited. 

With  the  conduit  return  system  these  features  were 
not  difficulties  at  all.  Each  side  of  the  street  was  a 
circuit  to  itself,  the  current  flowing  out  on  the  wire 
through  all  the  lamps  and  returning  on  the  conduit  to 
the  transformer.    The  conduit  was  bonded  together  in 
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the  base  of  each  post  and  special  care  taken  to  see  that 
the  joints  were  made  so  as  to  offer  as  little  resistance  as 
possible.  The  system  has  practically  no  reactance,  the 
voltage  drop  and  energy  loss  in  the  circuit  are  less  than 
with  a  copper  return  circuit.  Extensions  are  very 
easily  made,  trouble  easy  to  locate  and  the  first  cost 
is  very  much  less.  The  conduit  was  }4  in.  galvanized 
with  No.  8  D.  B.  R.  C.  mre. 

At  the  feed  points  S.  L.  transf omers  are  located  with 
a  protective  device  to  limit  the  voltage  in  case  of  an 
open  circuit.  These  are  fed  from  the  substation  by 
four  overhead  high-voltage  series  circuits  which  are 
regulated  by  four  constant  current  transformers  in  the 
substation,  two  of  which  control  the  midnight  circuit, 
and  two  the  all-night.  In  this  particular  case  it  was 
more  satisfactory  to  run  out  high-voltage  circuits  with 
S.  L.  transformers  than  to  use  R.  0.  transformers  and 
a  control  primary. 

J.  M.  Humiston:  I  want  to  give  a  little  history 
of  a  municipally  owned  plant  that  I  am  familiar  with, 
more  for  the  sake  of  throwing  some  light  on  the  dis- 
cussion and  pointing  out  some  absurdities  rather 
than  giving  any  information  to  this  meeting. 
This  municipal  plant  originally  served  an  area  of  about 
two-thirds  of  a  square  mile  and  was  a  Nemst  lamp 
system  operating  at  220  volts.  As  the  Nemst  lamp 
went  out  of  use  the  lamps  were  replaced  with  carbon 
filament  lamps  burning  at  220  volts.  Later  these  lamps 
were  replaced,  first  by  a  100-watt  tungsten  220-volt 
lamp,  and  now  they  are  gradually  being  replaced  by 
150-watt  timgsten  lamps,  none  of  these  lamps  being  of 
the  nitrogen  filled  type.  No  effort  has  been  made  by 
means  of  refractor  globes  to  improve  the  illumination. 
I  ima^e  that  the  220-volt  pressure  lamp  has  been  one 
reason  why  none  of  these  lamps  have  been  stolen,  because 
I  have  heard  no  complaints  of  thefts.  About  1907,  some 
five  years  after  this  Neriist  lamp  was  put  in  operation, 
anotJier  part  of  the  town  was  supplied  with  about  50  arc 
lights  on  a  series  circuit.  About  five  years  ago  these 
were  changed  to  the  series  incandescent  type.  At  the 
present  time  there  is  one  circuit  consisting  of  32  timgsten 
350-watt  series  lamps  burning  on  a  circuit  with  a  regu- 
lator, the  circuit  being  supplied  by  4000  volts  at  the 
bus  bar,  and  another  similar  cbcuit  with  83  of  these 
same  lamps.  The  83  lamps,  of  course,  are  burning  at 
approximately  half  the  candle-power  that  they  would 
have  if  the  circuits  were  rearranged  in  such  a  fashion 
as  to  put  the  proper  mmiber  of  lamps  on  a  circuit.  These 
two  systems  are  supplemented  in  part  of  the  town  by  a 
post  nehtingjsyatem,  the  posts  being  about  100  le^t 
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apart.  Some  trouble  has  been  experienced  through 
these  post  lamps  being  damaged  by  autos.  Four  or 
five  posts  have  broken  off  in  this  wav.  The  original 
multiple  system,  using  the  150-watt  lamps  has  lights 
spaced  at  an  average  of  200-ft.  centers,  and  that  part 
of  the  town  is  the  best  lighted  of  any  district  that  I 
know  of  around  Chicago,  with  the  exception  of  the  boule- 
vards and  places  where  special  effort  has  been  made. 

About  3  years  ago  I  suggested  changing  this  multi- 
ple system  to  a  series  system,  but  I  found  that  there 
was  opposition  from  the  force  that  was  maintaining 
the  system  because  they  didn't  want  to  take  the 
trouble  to  trim  the  trees,  and  they  had  had  almost 
no  trouble  from  tree  contacts  against  these  220-volt 
wires,  and  where  the  series  system  was  in  force  they 
had  had  a  great  deal  of  trouble.  In  spite  of  the  fact 
that  the  series  system  was  in  a  district  with  compara- 
tively few  trees,  and  the  multiple  system  was  in  a 
district  with  a  great  many  trees.  After  surveying 
this  I  finally  concluded  to  drop  the  matter  of  changing 
this  to  a  series  system,  and  now  I  am  rather  favorable 
toward  maintaining  the  multiple  system  as  it  stands. 
The  secondaries  of  this  multiple  system  are  entirely 
separated  from  any  commercial  distribution.  There 
are  five  or  six  transformers  located  at  proper  intervals 
which  serve  the  secondaries  of  this  multiple  system, 
the  lamps  being  turned  on,  by  the  operator  at  the 
station  charging  the  primaries  that  feed  these  trans- 
formers. 

C.  H.  Shepherd:  I  would  like  to  ask  Mr.  Harrison 
as  to  how  the  economies  of  multiple  street  lighting 
would  be  affected  by  the  question  of  metering ;  whether 
the  current  would  be  metered  or  not,  and  if  not,  why 
not? 

Ward  Harrison:  I  think  in  general  that  it  would 
be  uneconomical  to  meter  the  current  to  each  lamp, 
but  rather  to  measure  at  reasonable  intervals,  if 
necessary,  the  wattage  taken  by  each  lamp,  or  by  a 
predetermined  group  of  lamps;  although  I  don't  see 
why  this  is  any  more  necessary  than  to  measure  the 
current  taken  in  the  series  circuits  at  the  present  time. 
In  general,  these  lamps  should  be  regarded  as  flat 
rate  customers  such  as  electric  signs.  There  would 
be  no  objection,  however,  to  treating  the  lamps  as 
regular  residence  consumers  with  a  wattmeter  back  on 
the  pole,  which  could  be  read  by  the  same  man  who 
reads  the  meters  in  the  houses. 

F.  A.  Vaughn:  In  connection  with  that  point — 
just  incidentally — it  might  be  of  interest  to  record 
that  in  Milwaukee  during  the  transitory  period  from 
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the  old  series  system  to  the  new  series  system  an 
arrangement  was  made  with  the  public  utility  to  supply 
lamps  on  these  short  individual  multiple  circuits  at 
a  given  rate  per  lamp,  based  upon  the  wattage  rating 
of  the  lamp,  and  those  lamps  were  temporarily  burned 
for  a  number  of  months,  many  of  them  on  that  rate 
schedule.  This  was  a  flat  rate  schedule  based  on  the 
rating  of  the  multiple  lamp.  I  wish  that  Mr.  Harrison 
had  mentioned  in  connection  with  the  manual  turning 
on  and  off  of  the  lamps,  that  it  is  not  so  much  the 
cheapness  of  the  labor  as  the  undependability  of  the 
labor  that  is  a  factor  acting  against  adopting  that  as 
a  good  system.  It  seems  to  me  that  under  thepres- 
entnday  circumstances  undependability  of  the  labor 
which  you  can  get  for  that  manual  extinguishing  and 
tuming-on  of  the  lamps  is  absolutely  against  its 
feasibility. 

H.  Goodwin,  Jr.:  Mr.  Harrison  has  given  us  a 
summary  of  many  methods  of  turning  otf  and  on  the 
lamps,  and  he  has  mentioned  the  seleniiun  cell.  It 
might  be  interesting  to  add  to  this  collection  of  methods 
a  method  which  is  in  practical  use  for  turning  off  and 
on  gas  buoys  at  sea  and  on  lonely  rocks  or  headlands. 
This  dayli^t  switch  has  been  in  satisfactory  operation 
for  many  years.  It  is  a  Swedish  invention  but  is  in 
use  in  quite  a  number  of  lights  in  this  country,  par- 
ticularly in  Alaska  and  remote  sections  of  the  coast. 
This  device  consists  of  a  steel  cylinder  covered  with 
lampblack.  There  is  a  frame  on  top  of  this  cylinder 
to  which  are  attached  steel  posts  of  just  the  same 
material  as  the  steel  cylinder.  There  are  about  six 
or  eight  of  those  ix)sts.  They  are  covered  with  gold 
leaf.  They  reflect  the  light  and  the  cylinder  absorbs 
the  light.  Therefore,  during  daylight  one  expands 
and  the  others  remain  at  the  temperature  of  the  air. 
There  is  a  yoke  around  the  bottom.  Now  if  you  pivot 
a  lever  you  can  get  a  considerable  motion  on  the 
end  of  the  lever,  due  to  the  light  falling  on  the  cylin- 
der, and  that  is  actually  made  to  open  and  close  a  gas 
valve,  which  turns  the  gas  buoys  off  during  the  day. 
This  apparatus  can  be  made  so  sensitive,  and  the 
adjustment  so  fine,  that  it  could  be  set  in  this  room 
with  the  lights  turned  on  and  yet  if  you  hold  a  match 
within  one  foot  of  it,  that  would  give  enough  addi- 
tional light  to  tilm  the  lights  off.  A  satisfactory  day- 
light switch  has  been  developed.  It  is  slightly  ex- 
pensive at  the  present  time,  but  if  sufficient  demand 
is  created,  they  could  undoubtedly  be  produced  in 
quantities  that  would  allow  them  to  be  sold  at  a 
reasonable  price. 
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Mr.  Harrison  also  mentioned  the  pulling  in  of  cable 
from  rear  lots  and  along  parkwajrs,  etc.  I  don't 
know  if  you  are  all  familiar  with  the  method  that  has 
been  used  in  Philadelphia  to  a  considerable  extent. 
The  apparatus  consists  of  a  cable  claw  witii  two  channel 
irons  set  parallel,  there  being  a  roller  on  each  end, 
a  straight  plow  share  and  a  bulb  on  the  lower 
end.  Y  ou  dig  a  hole  in  the  ground,  set  this  down 
into  it,  shackle  the  cable  to  the  rear  end  and  by  means 
of  an  electric  truck  or  a  gasoline  winch  set  up  sixty 
or  one  hundred,  or  one  thousand  feet  ahead,  just  pull 
that  along  18  inches  below  the  surface.  The  rear 
roller  coming  along  closes  the  slot  so  you  can  hardly 
find  it  after  the  plow  has  passed.  In  that  way  they 
can  pull  in  many  thousand  feet  of  cable  in  parkwajrs, 
etc.  in  a  single  day. 

F.  A.  Vaughn:  I  wonder  if  I  may  add,  that  I 
think  the  difficulty  of  laying  the  parkway  cable  under 
the  driveways  would  be  largely  minimized  if  the 
driving-method  was  used.  The  ratio  that  Mr.  Harri- 
son gave  as  to  the  cost  of  crossing  the  street  and 
crossing  driveways,  as  compared  with  a  block  of  cable, 
I  think  would  be  materially  changed  if  a  "jacking" 
system  which  we  use  in  Milwaukee  were  utilized. 
I  believe  this  is  used  here  in  Chicago — some  modifica- 
tion of  it,  at  least — for  driving  a  pipe  under  the  pave- 
ment or  under  the  driveway.  That  is  particularly 
easy  on  all  the  narrower  driveways  and  is  perfectly 
feasible  even  on  asphalt  covered  streets. 

Apropos  of  the  control  of  the  circuits  I  should  like 
to  record  that  in  Milwaukee  on  the  multiple  side  of 
the  system,  that  is,  on  the  primary  transformers  that 
feed  the  series  circuits,  we  use  time-switches  and  are 
having  very  good  success  with  them.  In  order  to 
show  the  magnitude  of  their  present  use,  I  might  say 
that  the  Milwaukee  system  is  about  40  per  cent  com- 
plete and  ultimately  will  have  between  nine  and  ten 
thousand  units,  so  we  have  had  a  pretty  fair  chance 
to  try  out  the  control  by  the  time-switch  method. 

F.  H.  Bernhard:  I  wonder  if  Mr.  Harrison  could 
throw  any  light  on  the  subject  as  to  why  this  system 
is  used  so  extensively  in  Europe  and  also  some  of  the 
results  we  have  compared  with  our  system  here. 

Ward  Harrsion:  I  am  not  familiar  with  all  the 
causes  underlying  the  greater  use  of  the  multiple 
system  in  Europe,  but  one  reason  is  the  fact  that  lamps 
are  spaced  much  closer  in  a  great  many  of  the  foreign 
cities  than  we  have  been  in  the  habit  of  spacing  them 
in  this  country.  The  line  drop  in  the  multiple  system 
of  distribution  in  these  cities  would  consequently  be 
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less  objectionable  than  here  where  there  is  a  wider 
spacing  of  units;  also,  the  fact  that  labor  is  cheaper 
there,  or  at  least  that  it  has  been,  affords  an  inexpen- 
sive method  of  turning  the  lights  on  and  off. 

Mr.  Peaslee:  The  use  in  Europe  is  very  common 
of  what  they  call  a  "Pensioner",  or  a  man  that  draws 
a  pension  from  the  government.  I  know  this  is  the 
case  in  the  lines  in  Paris  and  any  time  that  any  of  the 
companies  over  there  are  incorporated  they  have 
some  sort  of  a  clause  that  gives  them  a  government 
privilege  of  using  men  who  are  drawing  war  pensions, 
and  men  who  are  paid  a  pension  in  a  great  many  of 
those  cases  are  used,  for  a  very  slight  sum,  to  go  around 
and  handle  the  switches,  both  in  the  gas  lighting  and 
electric  lighting.  It  costs  the  company  probably 
three  or  four  cents  a  day  extra  to  get  a  man  to  handle 
three  or  four  blocks  of  that  switching.  And  the 
reliability  of  that  labor  is  really  remarkable  to  anyone 
who  has  had  experience  with  American  labor,  and 
that  has  been  a  very  important  feature  of  the  con- 
tinuance of  it,  and  also  of  the  continuance  of  the  mul- 
tiple systems  in  that  part  of  the  country. 

Mr.  Cameron:  Isn't  it  a  fundamental  fact  also 
that  in  most  European  cities,  particularly  of  the 
smaller  class,  the  streets  are  so  narrow  that  the  street 
in  most  cases  provides  also  a  sidewalk.  The  wires 
are  usually  fastened  to  the  buildings,  and  must  necessar- 
ily, from  the  standpoint  of  safety,  be  of  low  voltage. 

George  Nixon:  As  stated  in  Mr.  Harrison's 
paper  there  yet  remains  much  to  be  done  in  perfecting 
the  m\iltiple  system  of  street  lighting.  In  time, 
however,  there  may  be  developed  specially  for  this 
purpose  reliable  remote  control  switches  and  automatic 
time  switches  and  manufactured  in  quantities  suflS- 
ciently  large  to  be  sold  at  a  low  enough  price  to  allow 
their  practical  use  to  become  quite  common. 

Among  the  practical  applications  of  the  multiple 
lights  for  street  lighting  not  particularly  mentioned 
by  Mr.  Harrison,  is  the  lighting  of  small  villages  and 
towns  from  service  off  of  a  transmission  line. 

Often  the  amount  of  business  to  be  obtained  in  a 
small  village  does  not  warrant  the  installation  of  a 
transformer  unless  all  the  business  can  be  served  from 
one  transformer.  On  the  same  pole  with  the  trans- 
former is  installed  the  time  switch  which  automati- 
cally turns  the  street  lights  on  each  evening  and  off 
each  morning.  One  side  of  the  street  lights  would  be 
connected  to  a  special  secondary  wire  and  the  other 
side  to  one  of  the  secondary  wires  serving  the  residences. 
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The  time  switch  is  wound  up  once  a  week  by  the 
patrolman  in  that  section  of  the  line. 

Since  the  swift  automobile  and  auto  trucks  have 
come  into  such  extensive  use  it  has  become  more 
necessary  than  ever  that  these  small  villages  be  well 
lighted. 
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UNTIL  recent  years,  street  lighting  in  the  United 
States  has  been  almost  exclusively  by  the  high- 
voltage  constant-current  series  system,  either 
direct  current  or  alternating  current,  and  low-voltage 
constant-potential  multiple  systems  have  been  used 
to  a  very  limited  extent  only.  This  was  for  two  reas- 
ons, one  social-political,  the  other  electrical. 

To  the  democratic  character  of  the  country,  only 
such  form  of  lighting  appeared  suitable,  as  was  applic- 
able alike  to  the  scattered  suburbs  and  to  the  more 
densely  jwpulated  center  of  the  city.  Thus  high  volt- 
age had  to  be  used,  either  a  series  system,  or  alternating 
current  with  individual  transformers.  The  latter  was 
excluded  at  first  by  the  absence  of  a  satisfactory  al- 
ternating-current arc  lamp  and  by  the  high  cost  and 
low  efiiciency  of  the  small  individual  transformers. 
Thus  American  street  lighting  developed  on  the  high- 
voltage  series  system,  and  much  later  only,  with  the 
gradual  growth  of  civic  pride  of  the  city  population, 
special  lighting  features  were  developed  such  as  "White 
Way  Lighting."  The  alternating-current  arc  lamp 
largely  replaced  the  direct-current  arc  lamp;  the  small 
transformers  became  more  efficient  and  less  expensive; 
but  still  more  efficient  and  economical  was  the  con- 
stant-current  transformers  operating  a  whole  circuit 
of  alternating  arc  lamps,  so  that  the  conditions  which 
led  to  the  use  of  the  high-voltage  series  system  did  not 
materially  change. 

The  other  reason  was  the  electrical  characteristic  of 
the  arc,  which  was  the  only  illmninant  of  sufficient 
intensity  and  efficiency  for  street  lighting.  The  arc 
is  unsteady  on  constant  potential,  and  requires  a  con- 
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stant  current  or  at  least  a  circuit  in  which  the  voltage 
drops  greatly  with  the  increase  of  current.  Thus,  to 
operate  an  arc  lamp  on  constant-voltage  supply,  a 
large  series  resistance  or  reactance  is  necessary,  which 
makes  it  inefficient  and,  with  alternating  current, 
greatly  lowers  the  power  factor,  and  even  then,  the 
light  is  not  as  steady  as  when  operating  on  a  constant- 
current  circuit. 

As  seen,  of  these  two  conditions,  the  first  one  requires 
high  voltage,  whether  constant  potential  or  constant 
current;  the  second  one  required  constant  current, 
which  economically  means  series  connection  and  high 
voltage.  The  first  one  still  applies  with  practically 
the  same  force  as  before,  but  the  second  one  has  en- 
tirely changed,  and  thus  makes  a  reconsideration  and 
revision  of  our  views  on  street  lighting  desirable. 

With  the  exception  of  the  luminous  arc,  which  by 
its  high  efficiency  and  superior  quality  of  light — 
perfect  whiteness — holds  its  own,  especially  in  high 
intensity  and  decorative  lighting,  such  as  "white  way 
lighting,"  exposition  lighting,  etc.,  the  arc  lamp  has 
practically  disappeared  from  street  lighting,  and  the 
gas-filled  mazda  lamp  has  taken  its  place.  With  the 
disappearance  of  the  arc  lamp  however,  disappeared 
the  necessity  of  the  constant-current  circuit.  As  an 
incandescent  lamp,  the  gas-filled  mazda  lamp  is  a 
dead  resistance,  equally  stable  on  constant  potential 
as  on  constant  current,  and  while  the  necessity  of  using 
high  voltage  still  remains — especially  in  American 
cities,  which  as  a  rule  cover  a  far  larger  territory  with 
their  street-lighting  districts,  than  European  cities  of 
the  same  population — the  need  of  converting  from 
constant  potential  to  constant  current  has  ceased,  and 
the  high-voltage  constant-potential  street-lighting  sys- 
tems with  gas-filled  mazda  lamps,  thus  have  become 
possible  and  are  increasing  in  frequency,  either  as  high- 
voltage  constant-potential  series  systems,  or  as  high- 
voltage  alternating-current  multiple  systems  with 
individual  transformers. 

Unlike  the  carbon-filament  incandescent  lamp  of 
old,  which  has  a  negative  temperature  coefficient  of 
resistance,  the  metal-filament  mazda  lamp  has  a  posi. 
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tive  temperature  coefficient,  that  is  with  a  change  of 
circuit  conditions,  in  the  mazda  lamp  the  voltage 
varies  more  than  the  current,  while  in  the  carbon- 
filament  lamp  the  current  varied  more  than  the  voltage; 
Therefore,  in  a  constant-potential  circuit,  the  mazda 
lamp, — other  things  being  equal — will  have  a  better 
life  than  in  a  constant-current  circuit  having  the  same 
percentage  fluctuation  of  current,  as  the  constant-^ 
potential  circuit  has  fluctuations  of  voltage,  while  the 
reverse  was  the  case  with  the  old  carbon-filament  lamp. 
Constant  potential  thus  is  somewhat  preferable  for  the 
mazda  lamp,  that  is  to  give  the  same  life  of  the  mazda 
lamp,  the  regulation  of  the  constant-current  system 
must  be  closer  than  that  of  the  constant-potential 
system. 

The  regulation  of  the  avajlable  constant-current 
systems,  such  as  given  by  the  moving-coil  constant- 
current  transformer,  reactor  or  similar  devices,  is 
amply  close  for  the  successful  operation  of  mazda 
lamps.  It  is  true  that  the  incandescent  lamp  is  much 
more  sensitive  to  current  variations  than  the  arc  lamp 
was,  and  while  arc  lamps  are  not  affected  by  momentary 
current  variations  of  50  to  100  per  cent,  such  as  may 
occur  in  case  of  a  surging  of  the  circuit  due  to  in- 
stability of  the  arc  lamps,  swinging  grounds,  etc., 
such  current  variations  may  be  disastrous  to  the  in- 
candescent lamp. 

However,  in  the  constant-current  mazda  lamp  circuit 
if  reasonable  care  is  taken  of  the  insulation,  the  danger 
of  surging  hardly  exists,  and  it  is  only  where  mazda 
lamps  are  operated  in  series  with  arc  lamps,  and  the 
circuit  is  overloaded  and  the  arc  lamps  allowed  to  get 
out  of  proper  adjustment,  that  an  impairment  of  the 
life  of  the  mazda  lamp,  due  to  current  surges,  may 
occur. 

As  regards  the  regulation  of  constant-potential 
street-lifting  systems,  whether  high-voltage  series, 
or  multiple  systems  with  individual  transformers,  the 
problem  of  regulation  of  the  voltage  supply  is  eliminated 
by  the  fact  that  domestic  lighting  constitutes  a  large 
part  of  the  load  of  the  electric  supply  system,  and  the 
voltage  regulation  satisfactory  for  domestic  lighting 
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is  equally  satisfactory  for  constant-potential — series  or 
multiple — street  lighting.  That  is,  constant-potential 
street  lighting  is  operated  from  the  same  supply  circuits 
and  in  the  same  manner  as  domestic  lighting  is. 

Necessary  in  all  series  systems  is  a  shimt  protective 
device,  that  is,  a  device  keeping  the  circuit  closed  in 
case  one  of  the  lamps  open-circuits.  Otherwise  either 
all  the  lamps  would  go  out  or,  if  the  circuit  voltage  is 
high  enough,  arcing  occurs  and  causes  more  or  less 
damage.  The  simplest  form  of  shunt  protective  de- 
vice is  the  film  cut-out,  used  very  largely  in  constant- 
current  incandescent  lamp  circuits.  Usually  however, 
one  of  two  other  functions  are  combined  with  the  shimt 
protective  device;  to  automatically  restore  operation 
and  to  maintain  the  regulation  of  the  circuit.  In  in- 
candescent lamp  circuits,  the  former  is  not  necessary, 
as  an  open  circuiting  of  the  lamp  means  a  bum-out, 
the  lamp  then  has  to  be  replaced,  and  when  doing  so, 
the  film  cut-out  is  renewed.  In  arc  lamps  however, 
the  arc  not  infrequently  breaks  momentarily,  and  if 
then  the  film  cut-out  short-circuited  the  lamp,  it  would 
be  put  out  of  service.  Therefore,  in  arc  circuits,  as  a 
part  of  the  arc  lamp,  a  shunt  magnet  is  used  closing 
the  circuit  through  a  starting  resistance,  the  latter 
giving  sufficient  voltage  drop  to  allow  the  arc  to  start 
again  when  the  electrodes  come  together. 

In  constant-potential  series  circuits,  the  operation 
of  the  film  cut-out  would  reduce  the  circuit  resistance, 
thereby  increase  the  circuit  current  and  impair  the 
regulation  and  the  life  of  the  lamps.  Thus  the  shunt 
protective  device  when  operating,  must  insert  a  resis- 
tance or  reactance  into  the  circuit,  such  as  maintains 
the  total  circuit  impedance  unchanged.  For  this  pur- 
pose, the  same  device  may  be  used  as  in  arc  lamps, 
that  is,  shunt  magnet  and  starting  resistance,  making 
the  latter  equal  to  the  lamp  resistance.  Such  is  used 
in  the  series  operation  of  a  number  of  arc  lamps  in 
direct-current  circuits.  Or  a  reactance  may  be  used 
instead  of  the  resistance,  as  in  the  series  operation  of 
two  flame  carbon  arc  lamps  on  constant-potential  110- 
volt  circuits. 
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The  objection  to  this  device  is  the  use  of  moving 
parts  and  contacts,  and  as  series  incandescent  circuits 
are  almost  invariably  alternating,  as  shunt  protective 
device  maintaining  the  circuit  regulation,  a  shunted 
reactance  is  used,  which  remains  continuously  in  circuit, 
and  when  the  lamp  is  in  normal  operation,  by-paths 
only  a  negligible  current,  operating  below  saturation; 
but  when  the  lamp  bums  out,  the  shunt  reactance 
magnetically  saturates  and  thereby  drops  in  reactance 
to  the  value  required  to  maintain  the  regulation.  A 
constant  shunt  reactance  cannot  give  regulation,  since 
with  the  lamp  burned  out,  but  all  other  parts  of  the 
circuit  the  same,  the  total  circuit  impedance  necessarily 
is  higher,  thus  the  circuit  current  lower,  and  the  re- 
actance in  this  case  thus  must  decrease,  to  maintain 
the  same  circuit  impedance.  However,  with  the  lamp 
burned  out,  the  voltage  drop  across  the  shunt  reactance 
is  much  higher  than  with  the  lamp  in  operation,  since 
in  the  former  case,  the  reactance  voltage  combines  in 
approximate  quadrature  with  the  remaining  circuit 
voltage. 

The  requirements  of  such  a  regulating  shunt  reac- 
tance thus  are:  (1)  with  the  lamp  in  operation,  to 
consume  as  little  current  and  power  as  possible.  (2) 
When  the  lamp  opens,  to  drop  by  saturation  to  such  a 
value  of  reactance  as  to  give  the  same  total  circuit 
impedance  as  before,  and  thus  maintain  the  circuit 
regulation.  (3)  To  maintain  the  circuit  regulation 
over  as  wide  a  range  as  possible,  up  to  at  least  10  to 
20  per  cent  of  burned-out  lamps,  so  as  to  give  ample 
time  for  renewal.  These  requirements  can  be  fulfilled 
by  proper  design  in  a  very  perfect  manner.* 

Such  shunt  reactance  may  be,  and  usually  is  com- 
bined with  other  features.  It  may  be  used  as  an  auto- 
transformer,  so  as  to  operate  lamps  of  different  current 
consumption  in  the  same  circuit  or  to  operate  a  larger 
number  of  lamps  in  one  circuit,  without  excessive 
voltage,  by  having  the  circuit  current  larger  than  the 
lamp  current.  Or  it  may  be  used  as  a  transformer, 
with  sufficient  insulation  between  primary  and  second- 
Regarding  the  mathematics  hereof,  see  "Theory  and  Cal- 
culations of  Electric  Circuits."    Chapter  XV. 
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ary  so  as  to  make  the  secondary,  that  is,  the  lamp,  a 
safe  low-voltage  circuit,  especially  when  locating  the 
transformer  away  from  the  lamp,  and  groimding  it. 
However,  in  this  case  care  must  be  taken  in  the  design 
of  the  transformer  to  guard  against  dangerous  peak 
voltage.  Assimiing  a  6.6-ampere  300-watt  lamp. 
The  normal  lamp  voltage,  and  thus  transformer  second- 
ary voltage,  then  is  45.5  volts.  At  open  circuit,  that 
is,  with  the  lamp  bmned  out,  the  secondary  voltage 
then  would  be  of  the  magnitude  of  100  volts  effective. 
However,  the  voltage  wave  may  be  very  greatly  dis- 
torted by  saturation,  having  high  voltage  peaks — 
at  the  moment  of  magnetic  reversal — reaching  into 
dangerous  values. 

The  foremost  disadvantage  of  the  constant-potential 
series  system  is  its  lesser  flexibility.  From  a  constant- 
current  transformer  any  number  of  lamps  can  be  oper- 
ated, with  equally  good  regulation,  from  full  load  down 
to  a  fraction  of  it — though  it  is  economically  im- 
desirable  to  operate  a  constant-current  transformer 
much  below  full  load,  as  with  decreasing  load,  the 
power  factor  rapidly  decreases.  In  a  constant-poten- 
tial series  system,  however,  the  number  of  lamps  is 
given  by  the  circuit  voltage.  Thus  from  a  2300- 
volt    constant-potential    supply    could    be    operated 

OOAA 

—7—-  =  51  lamps  of  300-watts45-volts,  neither  more  nor 
45 

less.  This  limitation  is  overcome  by  the  use  of  trans- 
former taps  and  idle  regulating  reactors.  Thus  con- 
sidering a  100-lamp  circuit,  operated  from  an  ordinary 
constant-potential  transformer  with  4500-volt  second- 
ary; giving  the  transformer  secondary  one  4  per  cent 
and  two  8  per  cent  taps,  and  using  up  to  3  idle  reactors 
in  series  to  the  circuit,  would  give  a  20  per  cent  range  of 
loiad,  which  probably  would  be  sufficient  for  most 
purposes. 

A  further  disadvantage  of  the  constant-potential 
system  is  its  sensitivity  to  grounds.  If  two  dead 
grounds  occur  in  the  same  circuit,  and  thereby  short- 
circuit  a  part  of  the  circuit,  the  current  in  the  remaining 
part  of  the  circuit  is  increased,  and  if  the  short-cir- 
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cuited  part  of  the  circuit  is  considerable,  all  the  lamps 
in  the  remaining  part  of  the  circuit  may  be  burned  out. 
How  serious  this  is,  depends  on  the  quality  of  the  cir- 
cuit. However,  with  any  reasonably  well  built  and 
operated  circuit,  the  probability  of  two  dead  grounds 
in  the  same  circuit  should  be  so  remote  as  hardly  to 
require  much  consideration. 

On  the  other  hand  the  great  advantage  of  the  con- 
stant-potential series  system  is  its  high  power  factor, 
of  95  to  99  per  cent,  the  better  efficiency,  and  especially, 
that  it  requires  no  station  apparatus  such  as  constant- 
current  transformers,  but  can,  and  would  be  operated 
from  a  transformer  on  a  pole  in  the  distribution  system, 
just  like  domestic  lighting,  and  the  mass  of  lines  or 
cables  running  back  to  the  stations,  which  are  charac- 
teristic of  the  usual  constant-current  systems,  due  to 
the  limited  power  per  circuit,  ^thus  is  eliminated. 

In  such  constant-potential  series  lighting  system,  all 
the  street-lighting  circuits  may  be  operated  from  one 
single  feeder  or  a  few  feeders,  which  are  connected  or 
disconnected  from  the  station  at  the  proper  time. 
While  an  advantage  over  the  use  of  a  separate  feeder 
from  the  station  for  each  street-lighting  circuit,  this  is 
not  as  simple  and  convenient  as  connecting  the  con- 
stant-potential transformers  on  the  poles  in  the  street- 
lighting  districts,  which  operate  the  street  lighting,  to 
the  domestic-lighting  feeders  in  their  respective  terri- 
tory. This  latter  however  requires  some  means  of 
connecting  and  disconnecting  the  street-lighting  trans- 
formers at  the  proper  time  of  starting  or  stopping  the 
street  lights,  since  the  domestic-lighting  feeders  are 
continuously  alive. 

Such  may  be  done  by  manual  operation  of  the 
switches,  though  such  is  rarely  satisfactory. 

Or  it  may  be  done  by  cascade  operation,  that  is, 
having  the  street-lighting  circuits  overlap,  and  each 
start  the  next  one,  the  first  being  started  from  the 
station.  This  may  introduce  some  complications  and 
limitations  of  the  location  of  the  transformers,  and  has 
the  disadvantage  that,  if  one  switch  fails,  all  the  circuits 
beyond  it  are  out  of  service. 
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Or  time  switches  may  be  used,  that  is,  switches  op- 
erated by  a  clock  located  on  the  pole  at  the  transformer. 
Such  clocks  however,  exposed  to  weather,  are  not  al- 
ways as  reUable  as  desirable. 

Or  a  pilot  circuit  may  be  used,  that  is,  a  low-voltage 
direct-current  circuit  carried  to  all  the  switches.  This 
means  an  additional  circuit. 

Another  method,  which  in  many  cases  is  very  promis- 
ing, is  the  use  of  the  phantom  switch,  that  is,  a  switch 
operated  with  direct  current  by  a  polarized  relay,  so 
that  one  direction  of  the  direct  current  closes  it,  the 
opposite  direction  opens  it,  with  the  direct  current 
sent  to  the  switch  over  a  phantom  circuit,  such  as  are 
extensively  used  in  telephony.  That  is,  a  direct  current 
is  sent  through  a  balanced  reactance  in  the  station,  into 
the  neutral  of  the  alternating-current  distribution 
system,  and  at  the  switch  passes  from  the  alternating 
neutral  through  another  balanced  reactance  to  the 
relay  which  operates  the  switch.  Such  arrangement 
permits  electrical  long-distance  operation  without  any 
additional  circuit.  It  is  not  applicable  in  circuits 
with  grounded  neutral.  However,  in  primary  dis- 
tribution circuits  a  grounded  neutral  is  hardly  ever 
used. 

Comparing  then  the  three  types  of  high-voltage 
street-lighting  systems;  the  constant-current  series 
system,  the  constant-potential  series  system,  and  the 
constant-potential  multiple  system:     (See  page  64) 

Notes 

(2)  For  I,  constant-current  pole  transformers  have  been 
designed,  without  moving  parts,  and  are  in  successful  use  to 
some  extent,  especially  for  smaller  circuits;  but  usually  are 
either  lower  in  power  factor  or  inferior  in  regulation. 

Theoretically,  II  may  be  operated  directly  from  the  primary 
distribution  feeders,  but  usually  it  will  be  preferable  to  interpose 
constant-potential  transformers  on  a  pole  in  the  lighting 
district,  so  as  to  reduce  the  trouble  from  grounds. 

(3)  In  II  or  III,  provision  must  however  be  made  for  starting 
and  stopping  the  circuit,  as  discussed  in  the  preceding. 

(5)  The  film  cut-out,  as  the  simplest  shunt  protective  device, 
is  applicable  only  in  I. 

To  secure  low  voltages  at  the  lamp,  so  as  to  make  it  safe  even 
when  the  circuit  is  alive,  requires  transformers  in  I  as  well  as  11. 
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However,  these  transformers  are  series  transformers,  that  is, 
with  a  moderate  number  of  primary  turns,  while  in  III,  the 
transformer  has  to  step  down  from  the  total  circuit  voltage  to 
the  lamp  voltage,  requiring  many  turns  of  fine  wire  in  the  pri- 
mary, and  thus  is  more  expensive  to  build  and  insulate. 

In  III,  several  lamps  may  be  operated  from  the  same  trans- 
former, if  near  together,  but  this  then  means  a  two-wire  second- 
ary circuit  in  addition  to  the  primary  circuit.  The  same  could 
also  be  done  in  I  or  II. 

(6)  Both  series  circuits  are  limited  in  the  number  of  lamps 
per  circuit,  but  this  limitation,  while  serious  in  a  constant- 
current  circuit  which  has  to  go  back  to  the  station,  is  of  no 
moment  in  the  constant-potential  circuit,  as  the  latter  does  not 
need  to  run  back  to  the  station  but  is  fed  from  th)^  transformer 
on  the  pole  in  the  lighting  district,  and  such  transformer  is  of 
sufficient  size  to  be  efficient  and  economical. 
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In  addition  to  paper  by  Dr.  Steinmetz  a  description 
of  Chicago's  lighting  system  was  presented  by  Mr. 
Henry  Nixon,  as  follows: 

I  have  been  asked  to  give  a  description  of  Chicago's 
new  group  lighting  system.  In  order  that  you  may 
know  the  general  type  of  distribution  system  to  which 
these  group  circuits  have  been  added,  I  think  it  mi^ht 
be  well  to  cover  briefly  our  transmission  and  station 
equipment. 

The  energy  used  is  three-phase,  sixty-cycle,  trans- 
mitted from  the  main  substation  to  the  thirteen 
municipal  street  lighting  substations  by  three-con- 
ductor, 12,000-volt  cables  installed  in  mimicipal  duct 
lines.  The  apparatus  in  all  of  these  substations  is 
similar,  differing  only  in  manufacture  and  in  location 
in  the  station,  except  for  three  of  our  stations  in  which 
synchronous  motors  are  operated  for  the  benefit  of 
the  transmission  system.  The  substation  transfor- 
mation is  from  12,000  to  5050  volts,  the  secondary 
bus  being  of  the  three-wire,  grounded  neutral  type. 
The  path  of  the  circuit  is  from  the  phase  side  of  this 
bus,  through  an  oil  switch,  ammeter  and  reactsmce 
type  of  regulator,  out  to  the  line,  the  return  coming 
into  the  station  and  terminating  on  the  grounded 
neutral  bus. 

The  circuits  are  carried  out  of  the  station  in  sets  of 
four,  in  8-conductor,  5000-volt,  lead-covered  cables 
to  a  point  where  the  first  distribution  to  circuits  is 
desired.  At  that  point  it  branches  usually  into  a 
4-conductor  and  four  single-conductor  cables,  the 
4-conductor  cable  being  carried  on  to  a  second  point 
of  distribution  where  it  branches  into  four  single  con- 
ductors. From  these  branch  points,  the  circuit  con- 
struction varies  according  to  the  types  of  lamps  and 
the  local  conditions  to  be  met. 

Chicago's  street  lighting  system  consists  of  some 
50,000  incandescent  lamps  operated  on  four  general 
classes  of  circuit  construction.  About  one-half  of 
the  system  is  of  the  600  candle  power  type  of  lamp 
mounted  at  a  height  of  twenty-two  feet.  About  eighty 
per  cent  of  these  600  candle  power  lamps  are  operated 
on  aerial  circuits,  using  the  No.  6  hard-drawn,  weather- 
proof copper  wire,  and  are  fed  out  of  the  multi-con- 
ductor cables  by  means  of  single-conductor  cables  and 
potheads  in  the  usual  way.  The  remaining  twenty 
per  cent  of  these  600  candle  power  lamps  are  operated 
on  underground  circuits  of  the  usual  type,  using  5000- 
yolt,  single-conductor,  lead-covered  cable  in  the  street 
in  ducts,  and  in  some  cases  utilizing  the  area  ways 
under  the  sidewalks. 
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In  about  1913  the  street  lighting  in  the  better 
residential  districts  was  changed  from  gas  to  electric 
by  the  installation  of  100  candle  power,  4-ampere 
lamps  on  the  existing  gas  posts,  utilizing  an  adapter 
to  fit  the  lamp  socket  to  the  post.  Five  thousand 
volt,  steel-armored  cable  was  installed  in  the  parkway 
about  eighteen  inches  below  the  surface.  The  cir- 
cuits were  quite  long,  averaging  about  250  lamps  to  the 
circuit,  and  the  result  was  that  a  large  number  of 
lamps  were  put  out  of  service  when  the  circuit  was 
opened,  due  to  the  breaking  of  a  post,  the  cutting  of 
the  cable,  or  other  accidents.  These  circuits  were 
also  fed  from  the  multi-conductor  cables  as  explained 
before.  This  method  of  lighting  residential  streets 
proved  very  satisfactory  in  every  regard  except  that 
it  was  open  to  the  serious  objection  of  being  dangerous 
to  both  the  public  and  the  department  employes. 
The  posts  were  only  8  ft.,  6  in.  high,  with  a  14-in. 
ball  globe  surrounding  the  lamp  and  socket.  When 
one  of  these  globes  was  broken  or  removed,  the  binding 
post  of  the  socket  was  exposed,  and  the  potential  of 
that  binding  post  being  very  high,  in  some  instances 
5000  volts  to  ground,  it  was  very  hazardous  for  our 
men  to  work  upon  it,  and  also  dangerous  to  the  public. 
There  are  not  many  instances  on  record  where  citizens 
have  been  hurt  in  that  way,  but  of  course  it  only  takes 
a  few  such  accidents  to  cause  you  to  look  about  for 
a  safer  system.  Especially  is  this  true,  because  when 
posts  are  knocked  down,  quite  often  the  circuit  would 
not  be  broken.  We  had  one  instance  of  this  kind 
where  a  policeman  attempting  to  remove  such  a  pole 
was  killed.  Boys  trying  to  steal  the  lamps  from  the 
sockets  have  also  been  injured,  and  some  deaths  have 
been  caused  in  this  manner. 

In  looking  around  for  a  method  which  would  prove 
safer  than  the  straight  series  system,  two  methods 
of  circuit  construction  presented  themselves,  the 
individual  transformer  method  and  the  group  lighting 
system. 

The  group  lighting  system  consists  of  several  small 
series  circuits,  each  operated  from  a  series  transformer, 
the  primaries  of  which  are  energized  by  a  5000-volt 
main  supply  circuit,  which  in  turn,  in  our  system,  is 
fed  from  the  multi-conductor  cable.  This  system  is 
somewhat  cheaper  to  install  than  the  individual 
transformer  system,  it  gives  the  same  safety  to  the 
public,  and  is  slightly  more  efficient  in  operation  than 
the  transformer  method,  and  hence  it  was  decided 
upon  for  installation  in  Chicago. 

A  •  6 . 6-ampere,  72-watt,   100  candle  power  incan- 
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descent  lamp  is  used,  mounted  upon  a  cast  iron  post 
10  ft.,  6  in.  to  the  center  of  the  light  source.  This 
gives  an  even  better  illumination  than  the  original 
100  candle  power  installation  explained  before.  These 
lamps  are  spaced  150  ft.  apart,  staggered  on  opposite 
sides  of  the  street,  giving  one  lamp  for  each  75  lineal 
feet  of  street.  From  twenty  to  thirty  of  these  units 
are  operated  in  each  group,  two  sizes  of  transformers 
being  used  according  to  the  number  of  lamps  in  the 
group. 

The  group  circuit  construction  consists  of  600-volt, 
single-conductor,  lead-covered  jute-covered  cable 
buried  in  the  parkway  about  18  in.  below  the  surface. 
In  answer  to  a  question  asked  at  the  meeting  this 
afternoon,  I  might  say  that  we  have  had  a  larger 
mmiber  of  cases  of  grounds  and  opens  on  this  cable 
than  we  have  experienced  on  the  steel-taped  cable 
installed  in  a  sinular  manner.  We  attribute  this  to 
the  fact  that  there  has  been  a  great  impetus  to  building 
recently,  and  that  each  place  where  a  new  building  is 
put  up,  in  digging  for  the  installation  of  water,  gas, 
etc.,  the  cable  is  quite  apt  to  become  severed.  This 
600-volt  cable  is  very  small  and  being  covered  with 
jute,  it  gives  every  appearance  of  being  the  small 
root  of  a  tree,  and  without  thinking  the  men  cut  it 
in  two.  Also  in  the  installation  of  parkway  fences, 
our  cables  quite  often  are  damaged  by  having  stakes 
driven  through  them,  and  it  is  the  opinion  of  the 
repairmen  that  in  many  cases  the  steel  taped  cable 
would  not  have  been  cut  where  the  jute  covered  cable 
was. 

Only  a  few  lamps  being  operated  in  each  group, 
makes  it  possible  to  install  three,  four  and  even  five 
of  these  series-series  transformers  in  one  manhole. 
The  transformer  used  is  a  6.6  to  6.6  ampere  series 
transformer,  having  a  secondary  operating  voltage  of 
300  to  450  volts.  From  twelve  to  sixteen  of  these 
transformers  have  their  primaries  connected  in  series 
by  means  of  500-volt,  steel  armored  cable.  The 
terminals  of  the  transformer  are  connected  to  the  lead 
sheath  of  the  cable  by  means  of  a  wiped  joint,  similar 
to  the  method  used  in  the  system  described  by  Mr. 
Vaughn.  This  confronted  us  with  the  difficulty  of 
having  no  test  point  in  the  primary  circuit  in  the  field, 
and,  therefore,  we  considered  it  advantageous  to  in- 
stall at  the  termination  of  the  multi-conductor  cable 
a  disconnecting  pothead  by  means  of  which  the  cir- 
cuit can  be  opened  and  tested  in  the  field. 

Individual  lamp  failures  are  taken  care  of  by  the 
standard  film  cut-out  socket,  and  this  film  puncturing 
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at  about  450  volts  is  practically  instantaneous  in  its 
operation.  The  open-circuit  voltage  of  the  secondary 
of  the  transformer  is  very  high,  and  would  bring  us 
back  to  the  dangerous  conditions  of  the  straight 
series  system,  if  it  were  allowed  to  operate  at  that 
voltage  for  any  length  of  time.  It  is,  therefore, 
necessary  to  provide  some  means  for  short-circuiting 
the  transformer  secondary  when  an  open  circuit 
occurs,  due  to  a  broken  post  or  a  cut  cable.  This  is 
taken  care  of  in  our  system  by  means  of  a  simple  film 
held  between  two  clips,  which  clips  are  connected 
direct  across  the  secondary  terminals  of  the  transformer. 
When  the  secondary  voltage  rises  beyond  the  normal 
value,  due  to  an  open  in  the  line,  this  film  will  pimcture 
and  short-circuit  the  secondary. 

We  find  that  a  considerable  number  of  our  lamp 
filaments  failed  after  the  circuit  is  shut  down  in  the 
morning,  due  apparently  to  the  cooling  of  the  filament. 
It,  therefore,  was  necessary  to  provide  that  the  pimctur- 
ing  voltage  of  the  short-circuiting  film  be  considerably 
higher  than  that  of  the  film  in  the  lamp  socket.  Other- 
wise if  two  or  more  of  the  lamp  filaments  had  failed 
after  the  circuit  was  shut  down  in  the  morning,  the 
film  in  the  transformer  would  puncture  before  those 
in  the  lamp  sockets,  and  the  entire  group  would  be 
out  of  service  that  night.  In  our  system  we  have 
installed  this  secondary  short-circuiting  device  as  an 
integral  part  of  the  transformer  in  order  to  save  the 
cost  of  a  separate  piece  of  apparatus  and  the  extra 
cost  of  labor  for  installing  the  same.  Our  experience 
has  indicated  that  it  would  be  very  desirable  if  we 
could  develop  an  automatic  circuit  restorer  which 
would  short-circuit  the  secondary  whenever  an  open 
occurred  in  the  group  circuit,  but  which  would  remove 
that  short  circuit  as  soon  as  conditions  in  the  exterior 
circuit  had  been  restored  to  normal.  An  instance  of 
the  desirability  of  such  a  device  is  when  a  patrolman  in 
replacing  a  burned  out  lamp  is  careless  in  his  methods; 
or  if  the  spring  on  the  socket  short-circuiting  switch 
has  become  weak,  the  film  in  the  transformer  punctm-es 
due  to  the  momentary  open  circuit.  When  this  occurs, 
it  is  necessary  to  go  to  the  manhole,  open  it  up,  take 
the  top  off  the  transformer,  and  change  the  film,  and 
in  our  system  it  is  even  necessary  that  another  class 
of  labor  be  called  upon  to  do  this  work,  with  the  result 
that  that  group  is  out  of  service  for  a  considerable 
length  of  time.  Up  to  the  present  time  we  have  not 
been  able  to  design  anything  which  would  operate 
satisfactorily,  under  the  severe  conditions  existing  in 
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our  manholes,  at  a  cost  which  would  not  be  prohibitive. 
So  far  the  cheapest  design  which  has  been  made  up 
would  cost  approximately  $14.00  to  manufacture, 
and  since  this  is  about  one-third  of  the  cost  of  the 
transformer,  we  do  not  feel  that  its  installation  would 
be  justified. 

As  a  further  measure  of  safety,  the  middle  point  of 
the  transformer  secondary  is  grounded.  This  brought 
up  a  rather  interesting  point — that  the  lamps  adjacent 
to  the  transformer  might  be  seriously  damaged  if  an 
accidental  groimd  should  occur  near  the  transformer. 
In  order  to  remove  this  difficulty,  the  transformer  was 
then  designed  in  two  parts  having  separate  primaries, 
secondaries  and  cores,  in  order  that  the  flux  linking 
each  primary  and  secondary  might  have  no  effect  on 
that  linking  with  the  other  primary  and  secondarv. 
This  practically  makes  two  transformers  in  a  single 
case.  This  transformer  in  operation  with  the  middle 
point  grounded  is  still  open  to  the  objection  that  an 
accidental  groimd  in  the  exterior  circuit  may  cause 
one-half  of  the  transformer  to  be  loaded  more  heavily 
than  the  other  half,  in  just  so  much  as  the  accidental 
ground  is  off  the  center  of  the  circuit.  This,  however, 
has  never  worked  any  hardship  on  the  transformer,  so 
far  as  we  know,  inasmuch  as  it  is  immediately  apparent 
in  the  reduced  candle  power  of  some  of  the  lamps, 
and  the  ordinary  patrolman  will  immediately  notice 
the  difference  and  report  the  trouble  to  the  repairman 
who  removes  the  ground.  These  grounds  are  practi- 
cally all  due  to  some  exterior  cause,  as  I  have  stated 
before,  and  are  not  due  to  any  trouble  in  the  system 
itself.  This  is  indicated  by  reports  we  have  of  such 
cases,  where  76  out  of  77  such  grounds  were  from 
exterior  causes.  These  reports  cover  the  operation 
of  275  groups  for  one  year.  Reports  on  transformer 
trouble  show  that  56  out  of  55  such  cases  have  been 
due  to  leaks  in  the  transformer  case.  The  original 
transformers  were  oil-filled,  and  immediately  any 
water  gets  into  the  case,  the  oil  will  of  course  seep  out 
quickly  resulting  in  a  bum  out.  Many  of  these 
leaky  cases  have  been  due  to  a  patrolman  carelessly 
replacing  the  cover  of  the  short-circuiting  device. 
Because  of  these  troubles  we  are  at  the  present  time 
filling  each  transformer  which  fails  with  compound 
in  place  of  the  oil,  and  on  our  new  contracts  we  are 
specifying  compound-filled  transformers  to  further 
reduce  this  trouble,  inasmuch  as  these  transformers 
op«^te  in  manholes  where  quite  frequently  the  water 
entirely  covers  them.    This  is  due  to  the  fact  that  in 
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some  of  the  outlying  territories  the  sewers  are  so  near 
to  the  surface  of  the  ground  that  it  is  impossible  to 
give  proper  manhole  drainage. 

Except  for  the  change  from  oil-iilled  to  compound- 
filled  transformers,  and  the  desirability  of  securing  an 
automatic  circuit  restorer  in  place  of  our  present 
short-circuiting  film,  the  system  as  originally  designed 
is  working  satisfactorily  in  every  respect. 


Il 
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Discussion  on  "Constant  Potential  Series 
Distribution  for  Street  Lighting"  (Steinmetz), 
Chicago,  III.,  January  9, 1920. 

J.  R.  Cravath:  In  considering  the  new  systems 
which  we  have  before  us  from  a  practical  field  one  of 
the  first  things  that  is  apparent  is  that  there  has 
been  a  tendency  for  some  time  past  as  a  result  of  the 
development  of  the  gas  filled  tungsten  lamp  to  more 
improved  street  lighting  and  more  underground  work 
in  residence  districts.  That,  in  turn,  has  led  to  a 
serious  consideration  and  demand  for  lower  voltage 
on  the  actual  lighting  circuits,  I  mean  ttie  circuits 
which  distribute  the  energy  to  the  lamps.  At  the 
same  time  the  advantages  of  high-voltage  transmission 
are  just  as  great  as  ever.  In  fact,  they  are  more  neces- 
sary than  ever  with  our  large  generating  plants  located 
a  long  distance  from  the  point  of  distribution. 

Now  the  reasons  for  this  tendency  to  a  lower  lamp 
voltage  are  several.  One  is  that  it  means  cables 
made  for  lower  insulation  and  consequently  less 
expensive.  Another  is  that  it  is  undesirable  to  have 
high  voltages  in  wires  leading  up  lamp  posts.  That 
is,  it  is  much  cheaper  and  safer  to  have  low  voltage. 
It  doesn't  require  high-voltage  socket  arrangements, 
and  to  a  large  extent  does  away  with  the  necessity  of 
expensive  pot  heads  in  the  base  of  the  post.  Then 
there  is  a  question  of  public  safety.  I  never  have 
heard  of  Very  many  accidents  from  series  circuits  in 
underground  lamp  posts,  but  at  the  same  time  one 
must  recognize  that  frequently  they  are  on  concrete 
bases  which  may  be  fairly  well  insulated  from  the 
earth,  and  in  that  case  there  is  some  possibility  of 
danger  to  public  or  to  employees. 

Ajnother  advantage  of  the  low-voltage  lamp  circuit 
is  that  fewer  lamps  are  affected  in  case  of  trouble  on 
that  circuit.  All  those  reasons  have  led,  as  I  say, 
to  a  tendency  to  trying  to  maintain  high-voltage 
transmission  and  high-voltage  distribution  up  to  a 
certain  point  near  the  lamps  and  from  then  on  have 
low-voltage  at  the  lamps.  There  are  several  varia- 
tions of  the  way  that  has  been  carried  out.  One  is  to 
have  the  transformers  directly  at  the  lamp  posts, 
as  has  been  spoken  of  before  by  Dr.  Steinmetz  and 
others,  or  reactance  coils  at  the  lamps. 

Another  plan,  one  that  has  been  used  here  in  Chicago 
recently,  and  one  of  the  most  interesting  ones  we  have 
to  consider  tonight,  is  a  series  transmission  through 
high-voltage  series  circuits  feeding  a  small  series 
transformer  of  relatively  low  voltage,  these  series 
transformers  being  located  in  vaults  and  feeding  a 


74  CHAS.  P.  STEINMETZ  [Jan.  9 

g^oup  of  underground  lamps  at  a  comparatively  low 
voltage. 

F.  A.  Vaughn:  The  Milwaukee  street-lighting 
system  was  designed  about  1914  or  1915,  and,  with 
the  war  coming  on  at  that  time,  there  were  certain 
stoppages  in  the  construction,  which  set  the  work 
back  somewhat  in  respect  to  the  time  of  completion. 
It  is  now  about  40  per  cent  or  perhaps  50  p>er  cent 
completed,  and  will  contain  about  nine  to  ten  tiiiousand 
units  when  complete.  The  system  is  operated  from 
constant-potential  circuits,  that  is,  from  the  ordinary 
2300-volt  alternating-current  distribution  system,  as 
used  by  the  public  utility  company  for  distributing 
to  the  houses  arid  factories  on  the  ordinary  constant- 
potential  basis.  From  such  feeders  are  tapped  trans- 
formers of  approximately  one-to-one  ratio,  with  taps 
on  the  primary  and  on  the  secondary,  very  much  as 
referred  to  by  Dr.  Steinmetz,  to  give  a  manual  ad- 
justment of  voltages  to  the  correct  constant-potential 
for  the  given  series-circuit  with  its  particular  number  of 
lamps,  and  their  types  and  sizes.  Every  complete 
circuit  is  grounded  in  the  center,  and  the  lamps  are 
actually  fed  by  series-loops  with  individual  lamp- 
transformers,  or,  in  certain  places,  a  transformer,  as 
Mr.  Cravath  has  just  said,  may  feed  a  group  of  lamps, 
or,  in  the  case  of  the  double-bracket  units,  may  feed 
two  lamps  wired  in  the  three-wire  fashion  on  the  second- 
ary of  the  series-multiple  transformers,  that  is,  a  three- 
wire  cable  runs  up  the  pole  from  the  transformers, 
each  of  the  transformers  is  buried  in  the  ground  at 
the  base  of  the  pole.  The  apparatus  at  the  sub- 
stations consists  of  means  of  turning  the  circuit  off 
and  on,  in  addition  to  the  transformers  with  the 
approximately  one-to-one  ratio  of  transformation, 
and  induction-type  inverse-current  relays  for  the 
protection  of  the  series  circuits  against  grounds  or 
short  circuits,  watt-hour  meters,  and  perhaps  a  poten- 
tial transformer  or  a  current  transformer  or  a  jack 
from  which  readings  can  be  taken  of  the  potential  and 
current  of  the  system. 

The  various  types  of  units  on  any  given  series-loop 
may  be  grouped  promiscuously,  incandescent,  gas- 
filled  tungsten-filament  lamps  of  any  size  from  100 
candle-power  to  1000  candle-power,  or  multiple 
units  of  two  or  more  of  these  lamps  on  one  post. 

Transformer  stations  are  sometimes  placed  over- 
head (Fig.  1).  What  might  be  termed  a  more  or 
less  temporary  type  of  substation,  or  a  substation 
which  could  be  used  in  the  suburbs  where  municipal 
buildings   were   not  available,   or  inside   tyj>es  not 
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feasible.  Several  circuits  are  grouped  into  these 
substations.  The  substations  are  placed  at  ihe 
junctions— or,  in  the  case  of  a  group  of  four,  five,  six 
or  seven  circuits,  they  are  placed  at  the  point  where 
their  comers  intersect.  Thereby,  a  very  few  time- 
switches,  which  are  used  for  the  turning  on  andjfofF 


Fia.  1 — Out-Door  Overhead  SuBBTATioN 


of  the  lights  in  this  particular  case,  are  utilized — one 
time  switch  turning  on  a  group  or  a  multiple  number 
of  circuits,  if  desired. 

In  contradistinction  to  the  above  particular  type  of 
substation,  an  inside  substation  is  also  used  with  the 
usual  switche*  and   relays,    watt-hour   meters,   etc. 
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(I^g.  2).  This  type  is  located  in  municipal  buildings 
like  the  city-hall,  the  fire-station,  school-houses  or  any 
other  available  place  where  fioor  space  can  be  securea, 
and  an  adequate  fire-proof  compartment  is  built  for 
the  purpose. 

I  presume  one  of  the  most  interesting  detail  parts  of  a 
system  of  this  kind  is  the  type  of  so-called  series- 
multiple  transformer  which  is  used  at  the  base  of  the 
poles  for  the  purpose  of  supplying  the  lamps  in  the 
series-loop  with  constant  current,  and  eliminating  the 
high  voltage  of  the  series-loop  from  the  lamp  itself 
and  from  Die  lamp-post.  In  order  to  anticipate  the 
possibility  that  a  change  in  the  desired  intensity  of 
ilumination  on  any  street  might  be  desired,  either 
due  to  increased  traffic,  change  of  type  of  business, 


Fio.  2 — SoBBTATioN  Located  in  Basement  of  Apditoriom 


or  buildings  on  the  street,  or  by  demand  from  the 
merchants  or  occupants  of  the  streets,  the  series- 
multiple  transformers  for  this  system  were  designed 
with  a  view  to  making  their  over-load  and  under- 
load, as  well  as  the  full-load  characteristics  conform 
to  the  possible  requirement.  Therefore  Size  I  trans- 
former was  so  designed  that  its  100  per  cent  load 
efficiency  point  falls  between  the  load  of  a  100  candle- 
power  lamp  and  that  of  two  80  candle-power  lamps  in 
series.  It,  however,  was  also  designed  to  operate 
well  with  the  250  candle-power  lamp.  So,  also,  the 
Size  XI  transformer  was  built  for  both  the  250  candle- 
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power,  6.6~ampere  lamp  and  the  400  candle-power 
6.6-ampere  lamp;  Size  III,  for  the  400  candle-power, 
6.6-ampere  lamp  and  the  600  candle-power,  6.6- 
ampere  lamp;  Size  X,  for  the  600  candle-power,  20- 
ampere  lamp  lamp  and  the  1000  candle-power,  20- 
ampere  lamp;  and  Size  XX  for  the  1000  candle- 
power,  20-ampere  lamp;  and  an  over-load  range  up 
to  the  eqmvalent  of  a  1700  candle-power,  20-ampere 
lamp. 

Fig.  3  is  a  chart  showing  the  per  cent  load  on  such 
saies-multiple  transformers  ana  regulation  of  same 
for  various  lamp-loads.  The  left  hand  half  of  the 
chart  shows  the  p«"  cent  load  on  the  transformer  of 
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Fia.  3 — Cbabt  Bbowino  Pbr  Cbnt  Load  on  Series  Mui> 
TiPLS  TBANeroBiUBS  AND  Rbodlation  or  Same  fob  VAnioTn 
Lauf  Loads 

any  given  wze  and  the  actual  load  in  watts  with  any 
riven  candle-power  rate  of  lamp  for  which  that  trans- 
former was  designed.  For  instance,  Size  II  trans- 
former will  operate  at  approximately  88.5  pa-  cent 
of  full  load  with  a  250  candle-power  lamp  in  the  socket 
and  at  approximately  140  per  cent  load  with  a  400 
candle-power  lamp  in  the  socket,  and  so  on  through 
the  other  sizes. 

I  might  say  that  while  an  anticipation  of  the  change 
in  Mze  of  lamps  was  a  matter  of  foresight  in  the  days 
when  the  transformers  were  designed,  i5ie  war  brought 
on  the  fuel  conservation  problem  and  that  brought  on 
a  change  in  the  size  of  lamp  very  much  more  quicldy 
than  was  anticipated,  bo  that  during  the  past  two  oc 
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three  years  these  characteiistics  really  came  into  play 
much  more  widely  and  much  more  quickly  than  was 
anticipated.  Preparedness  was  again  strongly  justi- 
fied. 

The  right-hand  half  of  the  chart  is  used  as  follows: 
Suppose  we  select  the  400  candle-power  lamp,  to  be 
used  on  Size  II  transfonner.  We  find  that  this  will 
be  a  140  per  cent  load  on  the  transformer.  Now, 
passing  to  the  right-hand  half  of  the  chart,  and  reading 
vertically  above  140  per  cent  on  the  curve,  we  find  that 
the  per  cent  regulation  over  80-110  per  cent  range 
of  loading  with  400  candle-power  lamps  in  the  socket 
will  be  1 .  14  per  cent.  This  means  that  even  when 
using  the  size  larger  lamp  than  that  for  which  the 
transformer  is  normally  rated,  and  allowing  these 
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lamps  to  vary  in  their  individual  wattage  consuming 
characteristics  over  a  range  of  80-110  per  cent  of 
normal,  the  per  cent  regulation  of  this  transformer  will 
be  within  1 .  14  per  cent. 

Fig.  4  shows  a  chart  giving  the  flux  density  and 
secondary  current  of  the  series-multiple  lamp  trans- 
formers for  various  degrees  of  loading.  From  this 
chart  we  may  read  that  with  140  per  cent  load  on  the 
transformer,  of  either  Size  I,  II  or  III,  the  flux  density 
in  kilolines  per  square  inch  is  approximately  50. 
With  this  flux  density  of  50  kilolines  per  square  inch, 
through  the  medium  of  the  right-hand  curve  for  Size 
II,  we  read  a  factor  of  0.9904.  This  factor,  when 
multiplied  by  the  normal  secondary  current  of  6 . 6 
amperes,  for  Size  II  transformer,  will  give  the  actual 
secondary  current  of  6.53664  amperes.  This  is  the 
cxurent  that  will  actually  flow  through  the  filament 
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of  the  400  candle-power  lamp,  when  burned  on  the 
Size  II,  or  250  candle-power  transformer. 

Aft^  completing  the  electrical  and  mechanical 
design  of  the  coils  and  deciding  upon  the  actual  re- 
quirements, as  shown  by  the  charts  above,  as  well  as 
tbe  method  of  testing  the  manufactured  product  for 
compliance  wiUi  these  requirements,  the  results 
actually  produced  by  the  coils  put  out  by  the  factory 
were  recorded  on  'shot-eun"  diagrams  (which  are 
really  not,  technically  speating,  "shot-gun"  diagrams), 
showing  the  factory  test  data  for  individual  trans- 
formers. 
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Pia.  5 — "Shot-oun"  Diaqrau  Showing  Factobv  Tbst  Data 
or  SxRiEa-McLTiPLE  Tranbforubr,  Sizb  II 


In  explanation  of  these  "shot-gun"  diagrams,  let , 
a  Size  II  transformer  be  selected.  Fig.  5  contains  the 
data  for  this  size.  Each  dot  on  the  diagram  repre- 
sents a  transformer.  The  compliance  of  the  factory^s 
output,  as  determined  by  actual  test  at  the  factory,  is 
indicated  by  the  relative  positions  of  these  dots  in 
the  four  groups  in  this  diagram. 

Since,  according  to  the  table  on  Fig.  4  the  normal 
secondary  current  for  this  size  transformer  with 
250  candle-power  lamp  is  6.6  amperes,  all  trans- 
formers whiui  are  perfect  as  far  as  ratio  is  concerned, 
will  be  grouped  along  a  horizontal  line  indicated  by 
6.6  amperes,  all  transformers  having  any  other  ratios 
will  be  grouped  at  positions  relatively  above  or  below 
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this  line,  according  to  their  per  cent  deviation  from 
6.6  amperes,  with  100  per  cent  normal  load. 

For  the  group  of  transformers  shown  on  P^.  6  the 
success  of  the  factory  output  is  indicated.  Observe 
that  this  scale  is  very  open  and  the  fluctuations, 
therefore,  are  really  very  small,  as  indicate  by  the 
figures  representing  the  per  cent  deviation  from  6.6 
amperes. 

The  lower  left-hand  group  represents  the  variation 
in  the  actual  transformers  produced  by  the  factory, 
as  expressed  in  per  cent  regulation  over  the  80  to  110 
per  cent  range  of  normal  loading.  This  is  the  range 
named  in  the  specifications  which  was  so  specified 
in  anticipation  of  possible  variations  in  the  dectrloil 
characteristics  of  individual  lamps. 

The  upper  right-hand  group  of  points  gives  the 
per  cent  of  maximum  deviation  from  6 . 6  amperes  over 
uie  SO  to  110  per  cent  range  of  normal  loadmg.  This 
maximum  deviation  is  thus  recorded  as  distinguished 


I-  6 — Indivipdal  Lamp-Tbanbformer  at  Bottom  of  Stbext 
LiQHT  Post,  Steel  Cabe  Ttph 


from  the  actual  per  cent  regulation  shown  in  the  lower 
left-hand  group  of  points,  which  latter  gives  the  total 
range  of  regulation. 

In  the  lower  right-hand  group  of  points  is  plotted 
the  per  cent  of  the  ratio  deviation  plus  the  regulation, 
which  it  was  assumed  would  represent  (Jie  worst 
condition  that  could  be  anticipated  from  such  a 
transformer  operating  with  the  regular  factory  pro- 
duction of  250  candle-power  lamps. 

A  maximum  limit  of  this  last  variation  was  set  at 
0.70  per  cent,  and  nothing  was  accepted  above  this 
line  in  any  size  of  transformer. 

These  transformers,  as  indicated  earlier  in  my 
remarks — or  at  least  the  first  ones  installed  in  Mil- 
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waukee — were  steel-cased  transfonnera,  connected  with 
steel-taped  cable  laid  in  the  ground,  and  they  were 
buried  at  the  base  of  the  transformer  in  concrete  cups 
and   then  covered  with  asphaltum   to  make   them 


Fia.  7 — BiTuuiNizED  Fibxb  Transfobkeb  Case  Sfeciallt 
Desionkd  fob  Milwadxie  BrHEET-LiaBTiNa  Stbteu 

electrolysis-proof,  and  then  covered  up.  Fig.  6  shows 
a  typical  installation  of  that  type  of  case. 

Then  another  case  was  utilized,  namely,  that  of 
bituminized  fiber,  composed  of  large  and  small  bitu- 
minized  fiber  ducts,  in  which  the  whole  thing  was 
buried  in  the  groimd  without  further  protection  (Fig.  7). 

Then  wooden  pump-log,  or  similar  type  of  cylin- 
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Pio.  8 — Individoal  Lamp  TfiANBPORiiER  AT  Bottom  OF  Street 
I^OHT  Post.    Wooden   Puup-Loq   Case   Type 

drical  wooden  cases  were  also  used  and  installed  as 
shown  in  Rg.  8.  This  shows  ai  double  transformer 
used  for  a  two-unit  equipment,  and  it  is  really  two 
transformers  in  one  case.  This  is  the  type  of  double- 
bracket  egurpment. 

Fig.  9  indicates  perhaps  the  most  interesting  tTPQ  i; 
of  unit  that  we  have  in  Milwaukee,  namely,  tm 
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30-ft.  suspension-height  hollow-concrete  pole  with 
two  1000  candle-power  lamps,  and  the  three-wire 
system  on  the  secondary  of  the  foregoing  series- 
multiple  transformer  buried  at  the  base  of  tiie  pole,  fed 
by  under-ground  steel-taped  cable. 


%  ■ 

On  certain  of  the  streets  in  Milwaukee  there  is 
utilized  the  30-ft.  double-bracket  unit  spaced  about 
180  ft.  apart,  and  on  both  sides  of  a  wide  boulevard. 
A  practically  uniform  illumination  of  approximately 
one-half  foot-candle  is  obtained  by  such  installation — 
four  units  per  block.  Fig.  10  indicates  a  less  novel 
type  of  mounting,  that  is,  the  15-ft.  mounting-height 
uiort-post  type  of  unit  with  a  single  equipment  of 
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250  candle-power  lamps  with  the  harp-type  fixture, 
all  of  course  equipped  with  the  special  Milwaukee- 
bowl-type  refractor  for  the  purpose  of  light  distribu- 
tion. These  units  are  opposite  and  spat^  about  ajx 
times  the  mounting  height. 


4 


Fia.  10 — 15-Ft.  Mountino  Hbioht  Short-Post  Ttpb  of 
Unit,    with    a    Single    Equipubnt    of    250-Candlb-Powbr 
Lamp  With  the  HarpJType  Fixture 


ialdng  particularly  of  the  lighting  of  the  country 
,  I  thought  it  might  be  apropos  to  show  the  idea 
in  Milwaukee  County,  where  we  have  150  or  more 
miles  of  concrete  roads,  and  Fig.  11  is  the  way  some 
of  it  is  lighted.  It  shows  how  by  a  staggered  system, 
180  ft.  apart,  400  candle-power  lamps,  a  very-close- 
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to-uniform  illumination  is  obtained  on  those  concrete 
roads  in  a  compsu^tively  simple  manner — ^22J4-ft. 
mounting-height  units;  with  refractors  for  distribution 
of  the  li^t.  The  uniformity  there  was,  to  the  human 
eye,  practically  constant,  that  is,  it  was  practically 
uniform  distribution. 

D.  W.  Roper:    The  Commonwealth  Edison  Com- 
pany have  very  few  arc  lamps.    Anything  that  we 


have  is  somewhat  old-fashioned  nowdays,  due  to  the 
fact,— first,  that  we  have  only  a  year  to  year  contract 
with  the  City  tor  a  comparatively  small  number 
of  lamps,  and  secondly,  lo  the  fact  that  we  had  antici- 
pated they  would  take  over  these  circuits  at  thepres- 
ent  time,  and  they  have  actually  taken  over  quite  a 
few  of  them  within  the  last  few  months.  I  don't 
think  that  there  is  anything  that  theCommonwealth 
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Edison  has  that  would  qualify  with  some  of  these  new 
combinations  of  series  multiple  circuits. 

Ward  Harrison:  As  I  listened  to  Dr.  Steinmetz 
it  became  evident  that  the  system  which  he  has 
described  would  also  allow  of  the  installation  of  an 
inexpensive  imdergroimd  construction  between  the 
lighting  imit  and  an  individual  lamp  transformer 
located  on  a  pole  at  some  convenient  point.  Under 
such  circimistiances,  however,  it  probably  would  be 
inadvisable  to  install  high-current  lamps  because  the 
line  drop  15  or  20  amperes  would  run  up  too  fast  with 
any  ordinary  size  wire. 

With  the  low  voltage  for  the  underground  portion 
of  the  circuit,  not  only  is  the  expense  for  cable  reduced, 
but  it  is  possible  also  simply  to  run  out  to  the  curb 
from  the  rear  lot  line  at  any  point  where  it  is  desired 
to  place  a  lamp.  As  the  cable  then  runs  practically 
parallel  to  all  trenches  which  might  be  dug  for  gas,  a 
sewer,  a  drive-way,  or  any  other  service,  there  is, 
therefore,  much  less  likelihood  of  encountering  and 
possibly  cutting  through  it  than  where  the  line  runs 
along  the  curb.  However,  good  judgment  must  be 
exercised  in  locating  such  a  circuit.  If  the  cable  is 
placed  exactly  on  the  property  line  between  two  lots 
it  is  almost  certain  to  be  disturbed  if  at  some  future 
time  a  fence  is  erected.  On  the  other  hand,  if  the 
cable  is  placed,  say,  one  foot  inside  of  the  boundary, 
and  put  down  approximately  a  foot  below  grade,  it 
has  a  pretty  safe  resting  place;  in  the  suburbs  a 
building  is  seldom  placed  to  within  a  foot  of  the  line, 
and  again,  very  few  amateur  gardeners  are  really 
ambitious  enough  to  drive  a  spade  more  than  six  or 
eight  inches  into  the  ground. 

On  the  constant  potential  series  system,  while  you 
can  lay  out  the  installations  to  give  the  correct  number 
of  lamps  per  transformer,  it  has  been  our  experience 
that  in  nine  out  of  ten  of  the  cases  where  we  have  been 
asked  to  investigate  unsatisfactory  lamp  performance 
on  such  circuits,  we  have  found  either  the  wattage 
of  the  lamps  or  the  nimiber  of  lamps  on  the  circuit 
changed  without  making  proper  adjustment  of  tihe 
transformer  taps.  Of  course,  in  a  series  circuit  with 
a  constant-current  regulator  this  situation  is  auto- 
matically taken  care  of. 

It  seems  that  the  choice  between  a  constant-poten- 
tial series  circuit  and  the  constant-potential  multiple 
circuit  will  rest  quite  largely  on  how  simple  and  in- 
expensive a  method  is  devised  for  turning  the  lamps 
on  and  off  in  the  latter  system.  If  a  device  could  be 
developed  that  operated  without  additional  wires  and 
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cost  only  three  or  four  dollars  per  lamp,  it  is  very 
probable  that  individual  control  for  a  lamp,  or  two 
or  three  lamps,  from  constant  potential  circuits, 
would  become  the  rule.  On  the  other  hand,  with 
the  phantom  circuit  control  the  expense  of  a  switch 
for  each  lamp  could  not  be  justified  and  it  would  be 
preferable  to  operate  a  group  of  lamps,  probably  in 
series,  from  the  transformer. 

In  this  connection  I  know  of  one  system  where  it 
is  contemplated  to  make  use  of  one  existing  series  cir- 
cuit along  one  of  the  main  thoroughfares  of  the  city, 
not  only  as  a  series  circuit  to  supply  the  street  lighting 
for  that  thoroughfare,  but  also  to  turn  on  individusd 
constant-potential  circuits  which  are  adjacent  to  that 
thoroughfare,  and  which  light  the  districts  on  either 
side.  There  will  be  a  series  of  switches  on  this  system, 
perhaps  a  third  as  many  as  there  are  lamps,  and  these 
switches  will  operate  the  entire  street  lighting  of  that 
vicinity. 

F,  H.  Murphy:  In  this  section  of  the  country  the 
series  lighting  system,  either  arc  or  incandescent,  is 
practically  universal,  the  multiple  system  being  used 
only  where  peculiar  local  conditions  dictated  such  a 
system  and  not  because  it  was  considered  in  any 
way  a  superior  system.  In  a  few  instances  our  own 
company  in  some  of  the  smaller  towns  has  resorted  to 
the  multiple  system  where  the  distances  were  rela- 
tively short  and  the  lamp  sizes  small,  and  where  the 
matter  of  patrolling  the  circuits  was  of  no  very  great 
importance.  Special  conditions,  have,  however,  caused 
the  installation  of  a  multiple  system  for  the  boulevard 
post  system  in  the  business  section  of  Portland.  To 
illustrate  this  point,  I  will  state  that  the  municipality 
pays  for  the  maintenance  of  an  arc  lamp  at  each  street 
intersection  and  has  consistently  and  persistently 
refused  to  assist  the  business  district  in  any  way  in 
securing  a  more  decorative  and  more  intensive  light- 
ing system.  The  merchants,  therefore,  have  installed 
their  own  white  way  lighting,  which  means  that  the 
system  was  built  up  in  relatively  small  and  somewhat 
disconnected  sections.  The  lighting  company  sup- 
plied this  entire  district  by  means  of  a  three-wire 
Edison  system  xmderground  and  multiple  service  was 
therefore  readily  available  on  every  block.  At  the 
time  these  installations  were  made  cluster  posts  with 
small  lighting  units  were  considered  the  best  practise. 
This  meant  multiple  incandescent  lamps.  The  con- 
trol of  the  system  is  block  by  block  and  a  patrol  is 
necessary  to  turn  the  lights  on  and  off.  However, 
this  is  not  such  a  serious  matter  in  the  congested 
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district.  In  all  probability  if  the  svstem  was  to  be 
installed  today  a  series  system  would,  be  used  because 
of  the  much  greater  advantage  in  the  patrol  of  lights. 

The  real  question  with  us  is  not  whether  it  shall 
be  the  series  system  or  the  multiple  system,  but  whether 
it  shall  be  series  incandescent  or  series  arc,  with  the 
present  feeling  somewhat  in  favor  of  the  incandescent 
lamp.  Our  street  lighting  system  at  the  present  time 
is  principally  a  series  magnetite  arc  system.  However, 
in  one  of  the  principal  cities  which  we  serve  the  in- 
candescent series  lamp  was  given  a  thorough  trial, 
which  resulted  in  replacing  all  the  arcs  with  incandes- 
cent lamps  and  changing  the  4-ampere  circuit  equip- 
ment to  6.6  amperes.  The  saving  effected  in  the 
operation  and  maintenance  charges  of  the  incandescent 
system  over  the  former  arc  lighting  system  has  re- 
turned a  very  satisfactory  income  on  the  investment 
cost  of  making  the  change  and  the  public  is  better 
satisfied  because  they  have  a  steadier  burning  unit  and 
the  outages  are  much  less  frequent.  In  order  to  give 
practically  the  same  wide  distribution  of  light  as  the 
arc  gives,  each  incandescent  unit  is  equipped  with  a 
Holophane  band  refractor. 

It  might  be  added  that  any  city  having  an  installa- 
tion of  a-c.  series  arc  lamps  would  undoubtedly  find 
it  much  to  their  advantage  to  install  a  system  of 
series  incandescent  lamps  rather  than  a  series  magne- 
tite system  because  the  present  transformers  could  be 
used  with  an  incandescent  system,  whereas  if  the 
magnetite  system  is  to  be  used  it  would  be  necessary 
to  make  a  considerable  investment  in  rectifier  sets. 

We  have  also  invaded  the  constant-potential  series 
field  to  some  extent.  In  one  of  the  outlying  sections 
of  Portland  we  have  several  circuits  of  4-ampere  series 
incandescent  lamps  connected  into  the  secondary  of 
a  2300-  to  440-volt  constant-potential  transformer. 
In  the  hood  of  each  lamp  is  a  reactance  coil  which 
shunts  the  lamp  and  maintains  the  circuit  in  case  of 
failure  of  the  lamp  for  any  reason.  These  circuits 
have  been  giving  excellent  satisfaction.  At  present 
they  are  manually  controlled  by  means  of  a  regular 
patrolman  but  there  is  no  serious  reason  why  they  could 
not  be  controlled  by  time  switches  if  it  was  so  desired. 

OnHhe  Interstate  Bridge  and  its  approach  which 
connects  Vancouver,  Washington  with  Portland,  Ore- 
gon, we  also  have  about  three  miles  of  series  incan- 
descent lamps  which  are  operated  from  constant- 
potential  transformers,  connected  directly  to  an  11,000- 
volt  transmission  line.  The  distance  covered  by  the 
system  completely  eliminated  the  multiple  lamps  and 
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determined  that  the  series  system  should  be  selected. 
The  fact  that  the  Coimty  would  own  and  maintain 
the  lighting  system  practically  eliminated  the  arc 
lamp  because  of  the  fact  that  the  Coimty  would  not 
have  a  regular  arc  man  to  maintain  these  lamps.  In 
order  not  to  have  to  duplicate  transformer  capacity 
by  suppljdng  constant-potential  transformers  on  11,000 
to  2300  volts,  and  a  constant-current  from  2300  volts 
to  the  constant-current  secondary,  it  was  finally 
decided  to  have  special  constant-potential  transfwmers 
built  with  11,000-volt  primaries  and  approximately 
1500-volt  secondaries  so  loaded  as  to  deliver  a  current 
of  6 . 6  amperes  and  provided  with  secondary  potential 
taps  so  as  to  allow  a  reasonable  amount  of  regulation. 
Briefly  the  reasons  for  adopting  in  this  case  the  con- 
stant series  system  were  as  follows:  The  line  was 
entirely  too  long  for  satisfactory  multiple  distribution. 
There  was  no  suitable  location  for  a  station  type 
constant-current  transformer  equipment,  the  use  of 
standard  constant-current  transformers  would  re- 
quire a  duplication  of  transformer  capacity  because  of 
the  constant-potential  transformers  necessary  to  reduce 
the  standard  primary  voltage  of  the  regular  constant- 
current  equipment  and  by  the  use  of  constant-poten- 
tial series  arrangement  for  the  circuit  a  constant- 
I)otential  transformer  designed  for  11,000-volt  primary 
and  the  necessary  secondary  voltage  to  supply  6.6 
amperes  to  the  load  could  be  more  readily  secured.  In 
order  that  the  current  might  be  kept  constant  on  the 
system  under  lamp  failures  at  various  posts,  auto- 
transformers  were  used  at  each  lamp  outlet  and  these 
transformers  were  of  such  design  that  the  primary 
current  value  through  the  transformer  might  in- 
crease to  150  per  cent  of  normal  value  before  the 
secondary  current  reached  the  burnout  value  of  the 
lamp.  This  installation  has  been  in  operation  now 
for  over  two  years  and  given  excellent  satisfaction. 
The  installation  consists  of  67—400  candle  power 
units  and  10—250  candle  power  units,  and  the  breakage 
for  the  year  1919  consisted  of  12  outside  globes  and  the 
replacement  of  24 — 400  candle  power  lamps.  One 
day's  time  was  charged  against  trouble  work  on  the 
line  due  to  a  loose  connection  on  one  of  the  auto- 
transformers.  This  represents  the  entire  expense  in 
maintaining  the  system  for  one  year.  The  man  in 
charge  of  the  installation  reports  that  the  breakage 
of  globes  and  lamps  was  due  primarily  to  malicious 
shooting.  One-half  of  the  installation  bums  from 
dusk  to  midnight  and  the  other  half  from  dusk  to 
daylight,  or  approximately  4000  hours  per  annum. 
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The  li^ts  on  the  draw  span  and  the  single 
span  connecting  the  draw  span  to  the  Vancouver, 
Washington,  side  of  the  river,  are  lighted  by  multiple 
lamps  connected  to  the  distribution  system  in  Van- 
couver, Wa^ington.  These  circuits  are  controlled 
by  time  switches  and  I  wish  to  call  attention  to  the 
fact  that  on  the  series  system  these  switches  have 
operated  with  very  little  trouble  whatever,  and  have 
proven  very  satisfactory. 

There  are  many  cases,  imdoubtedly,  in  which  a 
constant-potential  series  system  has  very  decided 
advantages  over  any  other,  althou^  the  development 
of  the  pole  type,  constant-current  transformer  with 
moving  coil  in  the  comparatively  wide  range  of  sizes 
which  are  offered  at  the  present  time  eliminates  some 
of  this  advantage  of  the  constant-potential  series 
relation.  This  new  type  of  transformer,  together 
with  a  reliable  time  switch,  which  it  is  hoped  may  be 
developed  in  the  near  future,  will  imdoubtedly  prove 
the  solution  of  a  great  deal  of  the  outlying  distribution 
for  street  lighting. 


PrgstnUd  ot  ihi  MidwinUr  ConvenHan  of  the 
Awurican  InstiiuUt  of  Electrical  Bntineers, 
New  York,  February  18. 1020. 

Copyright  1020.     By  A.  I.  B.  B. 


ESSENTIAL  STATISTICS  FOR  GENERAL  COM- 
PARISON OF  STEAM  POWER  PLANT 

PERFORMANCE 


BY  W.  S.  GORSUCH 

Engineer.  Economics.  Interborough  Rapid  Transit  Co.,  New  York.  N.  Y. 


This  paper  briefly  outlines  a  method  for  preparing 
statistical  reports  relating  to  power  generation  in 
steam  power  plants,  whereof  fairly  close  comparisons 
can  be  made  of  the  efficiencies  between  different 
plants,  without  gping  into  a  detailed  study  of  the 
thermal  characteristics  of  the  plants,  or  the  intricate 
subject  of  power  costs. 

The  essential  items  of  steam  power  plant  perform- 
ance that  should  be  recorded  and  a  uniform  method 
of  expressing  them,  are  given  in  tabular  form,  followed 
by  an  illustration  demonstrating  the  advantage  of 
the  proposed  method. 


THE  principal  diflSculty  with  operating  statistics  of 
steam  power  plants  as  published  today  by  various 
State  and  Governmental  bodies  is  that  they  are 
wholly  inadequate  for  the  purpose  of  determining  the 
eflSciency  of  a  plant  or  making  general  comparisons 
between  different  plants.  In  practically  every  case 
the  bare  figure  of  coal  consumption  per  kilowatt-hour 
is  given  without  any  reference  whatever  to  the  quality 
of  coal  and  without  a  clear  imderstanding  as  to  the 
character  of  the  load  on  the  station.  When  load  factors 
are  given,  the  figures  are  often  misleading  because  they 
are  computed  upon  different  bases.  No  uniformity 
exists  in  reporting  the  output  of  the  power  plant,  the 
gross  output  being  used  in  some  cases  and  the  net 
output  in  others.  Because  of  these  facts  the  reports 
as  at  present  published  are  limited  in  their  use,  princi- 
pally serving  to  show  the  total  amount  of  power 
generated  and  the  total  quantity  of  coal  consumed. 

The  object  of  this  paper  is  to  point  out  the  essential 
items  of  steam  power  plant  performance  which  should 
be  recorded  in  statistical  reports,  and  to  suggest  a 
uniform  method  of  expressing  them  for  the  purpose  of 
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making  a  general  comparison  between  different  plants, 
without  going  into  an  analysis  of  the  thermal  character- 
istics or  cost  of  generation. 

It  must  be  conceded  that  the  proper  criterion  for 
comparing  power  plants  is  the  commercial  eflBciency, 
that  is,  the  total  cost  per  kilowatt-hour  sent  out  from 
the  a-c.  power  station  bus,  which  is  the  ultimate  test 
of  design  and  operation.  To  make  such  a  comparison, 
a  imiform  system  of  accounting  would  have  to  be 
adopted,  and  suitable  correction  factors  would  have  to 
be  established  whereby  the  operating  results  and 
conditions  can  be  reduced  to  a  more  or  less  common 
basis,  all  of  which  is  beyond  the  scope  of  general  statis- 
tical reports.  For  this  reason,  the  discussion  of  costs 
in  this  paper  will  be  limited  to  that  of  coal  which  is  the 
largest  single  item  in  the  cost  of  generation. 

What  is  said  here  refers  particularly  to  steam  power 
plants  using  coal  as  fuel  and  in  which  all  the  output  is 
in  the  form  of  electrical  energy,  but  the  principles 
relate  in  their  broad  application  to  steam  power  plants 
using  fuel  other  than  coal  and  where  both  steam  and 
electrical  energy  are  supplied. 

For  the  purpose  of  obtaining  a  better  knowledge  of 
what  a  plant  is  doing  and  for  judging  the  relative  merits 
of  different  plants,  it  is  recommended  that  the  following 
items  be  recorded  in  statistical  reports  relating  to  power 
generation  in  steam  power  plants,  and  that  they  be  ex- 
pressed in  a  uniform  way  as  indicated.  These  items 
reflect  the  influence  of  station  design  and  arrangement  of 
apparatus,  method  of  operation  and  management,  load, 
quality  and  kind  of  fuel  used,  and  at  the  same  time 
indicate  the  character  of  the  load  imposed  upon  the 
station.  For  convenience  the  items  are  divided  into 
two  groups,  coal  characteristics  and  load  character- 
istics. 

I.     Coal  Characteristics  of  the  Plant 

(1)  Average  B.t.u.  supplied  to  plant  per  kw-hr.  net 

output. 

(2)  Thermal  efficiency  of  plant  in  per  cent. 

(3)  Average  B.t.u.  per  dollar,  coal  as  received  (moist 

basis). 

(4)  Coal  factor  or  pounds  of  coal  per  kw-hr.  net  out- 

put (moist  basis). 
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(5)  Average  B.t.u.  per  pound  of  ooal  as  received 

(moist  basis). 

(6)  Cost  of  coal  per  ton  (2240  pound)  delivered  along- 

side the  plant. 

(7)  Kind  and  character  of  coal. 

(8)  Cost  of  coal  in  cents  per  kw-hr.  net  output. 
II.     Load  Characteristica  of  the  Plant 

(9)  Average  daily  load  factor  of  ]      Interval  of  maxi- 

load  ]  mum  load  15  min- 

(10)  Maximum  load  for  the  year.  >  utes  or  1  hour  de- 

(11)  Yearly  load  factor  of  load.       pending  upon  char- 

acter of  load. 

(12)  Kilowatt-hours  net  output  for  the   year — (kilo- 

watt-hours sent  out  from  the  a-c.  bus). 

(13)  Installed  rated  capacity,  that  is,  the  aggregate 

maximum  continuous  rating  of  the  generators 
in  kilowatts.  « 

(14)  Average  kilowatt-hours  net  output  per  kilowatt 

installed  rated  capacity. 

Items  1,  2,  3,  8,  11  and  14  can  readily  be  computed 
from  items  4, 5, 6, 10, 12  and  13. 

Coal  Characteristics.  The  fimdamental  basis  of 
determining  and  comparing  steam  power  plant  efficien- 
cies as  to  coal  consumption  should  be  the  average 
B.t.u.  supplied  per  kilowatt-hour  net  output  at  the 
power  station  bus.  This  will  give  a  basis  for  discussing 
and  comparing  plant  efficiencies  upon  which  there  can 
be  no  misunderstanding.  With  this  factor  and  a 
knowledge  of  the  character  of  load,  we  have  a  very 
good  criterion  by  which  to  judge  the  merits  of  a  plant 
both  as  toMesign  and  operation.  The  average  B.t.u. 
supplied  to  the  plant  per  kilowatt-hour  net  output  for 
the  year  is  determined  by  dividing  the  kilowatt-hour 
net  output  for  the  year  into  the  product  of  the  total 
pounds  of  coal  used  during  the  year  by  the  average 
B.t.u.  per  pound  of  coal  as  received,  (moist  basis). 
This  measure  of  efficiency  can  be  expressed  in  thermal 
efficiency  or  what  is  generally  termed  over-all  plant 
efficiency,  by  dividing  it  into  3415. 

Before  a  very  close  comparison  can  be  made  between 
two  plants  each  of  which  uses  a  different  grade  of  coal, 
the  coal  characteristics  of  both  plants  will  have  to  be 
placed  on  the  basis  of  coal  having  the  same  quality. 
This  involves  the  effect  of  quality  of  coal  on  the  boiler 
capacity  and  efficiency  which  must  be  taken  into  ac- 
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count  if  the  object  sought  is  to  make  an  analysis  of  the 
thermal  characteristics  of  the  plants.  However,  since 
the  purpose  of  this  paper  is  to  deal  with  general  com- 
parisons which  can  be  made  from  statistical  records 
without  going  into  a  detailed  study  of  the  plants,  it  is 
proposed  to  make  fairly  close  comparisons  which 
correct  for  the  difference  in  the  B.t.u.  value  of  the  coal 
itself,  but  which  neglect  the  effect  on  the  boiler  capacity 
and  eflBciency.  Notwithstanding  this  inaccuracy  which 
will  be  relatively  small,  even  with  a  large  difference  in 
the  quality  of  coal,  the  comparisons  as  outlined  are 
much  more  useful  than  any  that  can  possibly  be  made 
from  the  statistical  information  published  today. 

Two  plants  can  be  directly  compared  as  outlined 
above  on  the  basis  of  the  average  B.t.u.  supplied  per 
kilowatt-hour  net  output,  because  both  the  coal  factor 
and  quality  of  coal  are  taken  into  accoimt.  A  com- 
parison however,  cannot  be  made  between  the  coal 
factors  as  given  without  first  correcting  for  the  differ- 
ence in  the  B.t.u.  value  of  the  coal  used.  This  can  be 
done  by  multipljdng  the  coal  factor  of  either  plant  by 
the  ratio  of  the  B.t.u.  value  of  the  coal  used  by  that 
plant,  to  the  B.t.u.  value  of  the  coal  used  by  the  other 
plant,  thus  placing  the  coal  factors  on  the  same  basis 
in  so  far  as  the  B.t.u.  value  of  the  coal  itself  is  con- 
cerned. 

Because  of  the  lack  of  laboratory  facilities  it  may  not 
be  possible  for  some  small  plants  to  determine  the 
average  B.t.u.  value  of  all  the  coal  consumed  during 
the  year.  In  such  cases  the  results  of  periodic  tests 
should  be  recorded  with  an  explanatory  foot-note,  as 
they  will  serve  to  give  a  general  idea  of  the  conditions 
under  which  the  plant  is  being  operated.  There  is 
nothing  that  upsets  the  boiler  room  force  so  much  as 
changing  the  grade  of  coal  without  notice,  since  every 
change  necessitates  a  readjustment  of  methods  of 
firing.  With  a  knowledge  of  just  what  kind  of  coal  is 
being  supplied,  the  cause  of  the  change  in  efficiency  can 
more  readily  be  traced. 

Generally  speaking,  the  highest  thermal  efficiency  is 
obtained  when  burning  the  highest  quality  of  coal. 
On  the  other  hand,  a  low  grade  of  coal  purchased  at  a 
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low  price  may  result  in  a  better  commercial  eflBciency. 
The  B.t.u.  per  kilowatt-hour  net  output  together  with 
the  B.t.u.  per  dollar  will,  therefore,  give  an  index  of  the 
commercial  efficiency  of  the  plant,  since  coal  is  by  far 
the  largest  item  in  the  cost  of  power  production. 

Where  mixed  fuel  is  used,  the  relative  amount  of 
anthracite  and  bitiuninous  coal  should  be  recorded, 
together  with  the  average  B.t.u.  value  of  each. 

Load  Characteristics.  The  character  of  load  carried 
has  a  marked  influence  on  plant  efficiency,  a  fluctuating 
load  and  a  load  with  sharp  peaks  and  low  load  factor 
require  more  coal  than  an  equally  steady  load  or  a  load 
with  a  high  load  factor.  In  comparing  plant  perform- 
ance therefore,  it  is  essential  to  know  the  load  condi- 
tions. These  are  best  indicated  by  the  ratio  of  the 
average  load  to  the  maximum  load  for  the  same  period, 
which  is  known  as  the  load  factor  of  load  and  is  usually 
expressed  in  percentage.  Industrial  and  railway  loads 
are  less  affected  by  seasons  and  daily  weather  condi- 
tions than  lighting  loads.  For  this  reason  it  is  recom- 
mended that  the  interval  for  the  maximum  load  be 
fifteen  (15)  minutes  for  stations  suppljdng  an  appre- 
ciable lighting  load,  and  one  (1)  hour  for  all  other 
stations. 

Much  confusion  is  caused  throughout  the  electrical 
industry,  due  to  the  fact  that  a  uniform  method  has  not 
been  used  in  determining  the  load  factor.  For  the 
purpose  of  comparing  the  load  conditions  of  various 
generating  stations,  the  daily  load  factor  seems  to  be 
most  suited,  and  it  should  be  the  ratio  of  average  net 
output  during  24  hours  to  the  net  maximum  load, 
multiplied  by  100  to  express  in  percentage.  The  load 
factor  should  be  computed  on  the  basis  of  24  hours  for 
the  reason  that  it  represents  the  relation  between  the 
actual  and  possible  hours  use  of  the  maximum  load. 
In  comparing  power  station  statistics  which  are  usually 
on  a  yearly  basis,  the  average  daily  load  factor  should 
be  used  because  it  is  more  representative  of  the  opera- 
ting conditions  in  the  plant  itself  than  a  load  factor 
based  on  the  maximum  of  the  month  or  year. 

The  fundamental  basis  of  determining  and  comparing 
those  items  of  power  plant  performance  that  ar^ 
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expressed  in  terms  of  iinit  output  of  the  plant,  should 
be  the  kilowatt-hour  net  output.  This  will  eliminate 
any  difference  in  power  consumption  of  auxiliaries  or 
power  used  for  other  piirposes  in  the  plant.  The 
result  will  be  that  all  the  factors  will  be  on  the  basis  of 
the  character  of  load  imposed  upon  the  plant. 

The  plant  factor  which  is  the  ratio  of  the  average 
hourly  load  for  the  year  to  the  rated  capacity  of  the 
plant  is  a  measure  of  the  utilization  of  the  installed 
capacity.  This  is  obtained  by  dividing  8760  into  Item 
14. 

For  the  purpose  of  illustrating  the  advantage  of  the 
proposed  over  the  present  method  for  preparing  statis- 
tical reports  relating  to  power  generation  in  steam 
power  plants,  the  following  comparison  is  made  between 
a  few  of  the  items  of  two  plants,  A  and  B,  which  have 
similar  load  characteristics,  but  which  use  coal  differing 
in  quality  and  price. 

A  comparison  of  Items  1  and  2  shows  that  on  the 
basis  of  plant  A,  plant  B  has  a  12.5  per  cent  lower  plant 
eflBciency  and  requires  14  per  cent  more  B.t.u.  per 
kilowatt-hour  net  output  at  the  station  bus.  If  the 
effect  on  boiler  capacity  and  eflSciency  due  to  quality  of 
coal  are  neglected,  the  lower  efficiency  for  plant  B  can 
be  attributed  principally  to  a  difference  either  in  station 
design  or  method  of  operation  or  both  since  the  load 
characteristics  are  practically  the  same. 

The  equivalent  coal  factor  of  plant  B  based  on  coal 
having  14,000  B.t.u.  per  pound,  is  1.83  pound  or  0.23 
pounds  more  per  kw-hr.  net  output  than  that  required 
for  plant  A.  This  means  that  for  the  same  output  and 
with  coal  having  the  same  B.t.u.  value,  plant  B  con- 
sumes approximately  14  per  cent  more  coal  than  plant 
A. 

With  the  present  method  of  recording  power  plant 
statistics.  Item  4  showing  the  coal  factors  would  be 
given,  but  Items  1,  2,  3,  and  5  would  not.  In  this  case 
it  would  be  impossible  to  tell  whether  or  not  any  part 
of  the  difference  in  the  coal  factors  was  due  to  the 
quality  of  coal.  If  the  relative  merits  of  the  two  plants 
were  judged  from  the  coal  factors  alone,  the  comparison 
""^uld  be  misleading  for  the  reason  that  while  the  coal 
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factor  for  plant  "B"  is  25  per  cent  higher  than  that  for 
plant  "A'\  the  B.t.u.  supplied  per  kw-hr.  net  output  is 
only  14  per  cent  higher.  This  very  clearly  brings  out 
the  fact  that  a  general  comparison  cannot  be  made 
between  the  coal  factors  of  two  plants  without  a 
knowledge  of  the  relative  B.t.u.  value  of  the  coals 
used. 

Other  interesting  comparisons  can  be  made  from  the 
above  tabulations,  one  of  which  is  the  cost  of  coal  per 
unit  of  output.  The  figures  given  in  item  8  show  that 
the  cost  of  coal  per  kw-hr.  net  output  for  plant  "B"  is 
approximately  4.2  per  cent  higher  than  that  for  plant 

The  above  discussion  demonstrates  the  need  of  a 
uniform  standard  method  of  recording  the  fundamental 
factors  of  steam  power  station  performance  in  statis- 
tical reports,  and  this  paper  is  presented  with  the  hope 
that  some  action  will  be  taken  to  adopt  such  a  method. 
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Discussion  on  "Essential  Statistics  for  General 
Comparison  op  Steam  Power  Plant  Per- 
formance" (GoRsucH)  New  York,  N.  Y., 
February  18, 1920. 

E.  J.  Cheney:  I  want  to  give  you  an  idea  that 
I  have  received  as  an  employee  of  the  Public  Service 
Commission.  Instead  of  objecting  because  the  stat- 
istics that  we  publish  are  not  suflBciently  complete 
and  understandable,  we  get,  I  suppose,  100  times  as 
many  complaints  from  the  companies  that  make  up 
these  statistics,  because  we  ask  them  for  so  much 
stuff,  that  they  do  not  have  time  to  do  anything  else 
than  get  it  ready  for  us.  We  would  be  very  glad  to 
improve  the  reports,  but  do  not  like  to  push  the 
matter  too  far. 

If  we  started  out  to  get  good  information — ^we  try 
to  have  some  now — ^and  go  to  the  logical  conclusion, 
I  do  not  know  just  where  we  would  end.  For  in- 
stance, a  man  who  is  interested  in  meters,  might  like 
to  have  our  report  so  arranged,  and  the  data  so  set 
up  by  all  the  companies,  that  he  could  tell  for  each 
company  how  much  it  cost  per  meter  to  maintain 
them,  how  much  per  meter  it  cost  to  read  them,  how 
much  per  meter  it  cost  to  bill  the  consumers,  how  much 
to  collect,  etc.  The  distribution  man  might  like  to 
have  data  which  would  show  the  annual  cost  of  pole 
maintenance,  and  he  would  like  to  get  an  idea  of  pole 
life  in  the  case  of  all  the  other  companies,  and  we 
could  go  on  to  an  indefinite  extent. 

I  cannot  say  that  these  things  are  not  as  important 
as  generation,  although  comparative  figures  are  per- 
haps more  important  for  generation.  I  am  heartily 
in  favor  of  the  idea  of  getting  .statistics  which  can 
be  interpreted  and  compared,  and  I  do  think  we 
probably  can  improve  our  report  forms,  so  that  the 
data  we  get  will  be  more  useful,  without  making  them 
much  more  burdensome.  Concrete  and  well  tiiought 
out  suggestions  like  those  in  Mr.  Gorsuch's  paper 
are  most  welcome. 

W.  S,  Gorsuch :  In  regard  to  the  first  part  of 
Mr.  Cheney's  remarks,  I  wish  to  say  that  in  preparing 
data  for  different  reports,  the  companies  are  at  times 
put  to  additional  work  because  in  some  instances 
the  questions  asked  lack  clearness  and  uniformity. 
The  result  of  this  is  to  give  out  the  wrong  information 
which  of  course  will  be  misleading  when  comparisons 
are  made. 

If  the  regulating  bodies  would  formulate  their 
questions  along  the  lines  suggested  in  the  paper,  I 
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believe  that  the  companies  would  gladlyj[fiimish  the 
data,  for  the  reason  that  such  information  would-be 
useful  for  comparative  purposes  not  only  to  the  regu- 
lating bodies,  but  to  the  companies  themselves. 


Prestutsd  at  Ik4  Midwinitr  Convtntum  of  tkt 
American  Instiiutg  of  BUctrical  Bngingtrs, 
New  York,  Ptbruary  10. 1020. 
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THE  super-power  plan,  briefly  summarized,  pro- 
vides a  means  by  which  a  present  estimated 
machine  capacity  of  17,000,000  horse  power — 
divided  10,000,000  for  industrial  purposes  and  7,000,000 
for  the  railroads — in  a  region  between  Boston  and 
Washington  and  inland  from  the  coast  100  to  150 
miles,  now  operating  with  a  load  factor  not  exceeding 
15  per  cent,  can  be  lifted  to  a  load  factor  of  greater 
than  50  per  cent  and  possibly  to  60  per  cent,  and  a 
means  by  which,  conservatively  speaking,  one  ton 
of  coal  will  do  the  work  of  two,  and  the  railroads  within 
the  above  zone,  and  those  carrying  coal  into  that 
zone  will  be  relieved  of  transporting  one-half  the 
amount  of  coal  required  for  power  and  lighting  pur- 
poses.   In  short,  the  value  of  machine  capacity  from 
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a  utiHStfitibn  "standpoint  will  be   increased   three   to 
■,  fowfoid',  and  coal  resources  for  the  purposes  named 

'conserved  twofold. 

'  '  This  means  that  a  present  plant  capacity  of 
17,000,000  horse  power  can  be  replaced  by  one  of 
not  greats  than  6,500,000  horse  power,  and  that  not 
less  than  30,000,000  tons  of  coal  per  annum  can  be 
saved,  which  at  $5.00  a  ton  will  represent  $150,000,000 
a  year. 

Besides  the  above  savings,  two  great  departments 
of  economy  will  be  created ;  one  applying  both  to  the 
railroads  and  the  industries,  in  the  reduced  cost  of 


maintenance  of  machinery,  and  the  other  applying  to 
the  railroads  alone,  in  the  reduction  of  train  miles, 
by  virtue  of  this  plan  permitting  consolidation  of 
trains  with  resultant  savings  in  train  miles.  It  is 
estimated  that  these  latter  economies  will  effect  a 
saving  of  another  $150,000,000  annually  thus  making 
a  total  saving  of  $300,000,000. 

The  above  are  the  direct  savings  as  estimated  from 
data  collected  from  actual  past  operations  of  the 
specific  order  contemplated  to  be  put  into  force  in  the 
zone  under  consideration. 

The  railroad  situation  in  this  country  is  too  well 
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known  to  hold  any  brief  upon  it  in  this  paper.  Not 
secondary  to  the  concern  of  those  private  interests 
from  whom  the  money  has  come  to  build  and  main- 
tain them  is  that,  now,  of  the  people  to  whom  their 
service  means  so  much.  Forgetting  for  the  moment 
the  much-mooted  question  as  to  who  will  own  and 
control  them,  we  cannot  afford  however,  from  a 
national  standpoint,  irrespective  of  ownership,  opera- 
tion or  control,  to  overlook  any  means,  large  or  small, 
which  will  be  conducive  toward  reducing  expense 
keeping  the  standard  of  American  transportation 
upon  its  past  high  plane,  and  which  will  operate  to 
hold  the  roads  solvent. 

This  plan  offers  immediate  relief  from  the  present  in- 
tolerable congestion  by  automatically  increasing  rail  ca- 
pacity without  increasing  track  mileage.  It  also  operates 
to  reduce  power  equipment  investment  to  a  minimiun. 
By  the  creation  of  an  overhead  common  carrier  system 
of  power  the  present  cargo  space  now  required  for 
industrial  coal  will  be  cut  in  half;  train  equipment 
in  all  classes  will  have  its  service  factor  doubled, 
and  the  present  steam  power  equipment,  replaced 
by  electrical  equipment,  can  be  transferred  to  other 
divisions,  where  it  is  so  vitally  needed. 

The  super-power  plan  has  lately  been  given  much 
space  in  the  pages  of  the  technical  and  public  press, 
and  except  to  say  that  it  contemplates  the  general 
application  of  electricity  wherever  economically  pos- 
sible in  the  factories  and  on  the  railroads,  in  the  zone 
described,  it  will  not  be  necessary  to  add  length  to 
this  paper  by  a  more  detailed  description.  It  will 
doubtless  engage  your  interest  however,  to  know 
the  following  facts: 

1.  The  plan  has  the  unanimous  endorsement  of 
Engineering  Coimcil  representing  the  American  Insti- 
tutes of  Electrical,  Mechanical,  Civil  and  Mining 
Engineers. 

2.  It  has  been  presented  to  and  unanimously  en- 
dorsed by  the 

a.  Western  Massachusetts  Engineering  Association 

b.  Bridgeport  Chamber  of  Commerce 

c.  Connecticut  Chamber  of  Commerce 
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3.  It  is  now  in  Committee  with  the  U.  S.  Chamber 
of  Commerce,  and  so  far  as  I  know  has  found  only  favor 
in  their  considerations  for  the  amount  of  time  they 
have  been  able  to  give  it  among  their  many  other 
deliberations. 

4.  Among  the  many  prominent  men  with  whom  I 
have  had  opportunity  to  discuss  it,  including  U.  S. 
Senators  and  Representatives,  Engineers,  Central 
Station  Operators  and  Railroad  Officials,  and  Finan- 
ciers, all  have  expressed  the  keenest  interest  in  it. 

5.  An  appropriation  of  $250,000  forms  a  part  of  the 
simdry  civil  bill  to  provide  the  money  necessary  to 
an  investigation,  under  the  direction  of  the  Department 
of  the  Interior.  This  investigation  will  be  followed 
by  a  report  allocating  the  losses  incident  to  labor  and 
material  by  virtue  of  the  present  inefficient  form  of 
power  production  and  distribution  with  recommended 
procedure,  to  cause  their  elimination. 

While  satisfied  in  my  own  mind  that  the  true  econ- 
omy of  power  production,  and  its  distribution  in  this 
great  industrial  and  railroad  field  lies  in  an  organized 
power  policy,  it  is  far  more  important  that  we  should 
hear  the  opinions  of  those  men  to  whom  is  largely 
due  the  great  advances  of  electricity's  application. 
Therefore,  the  following  letter  addressed  to  Messrs. 
Emmet,  Johnston,  Reist,  Newbury,  Porter,  Storer, 
Torchio  and  Thomas  will  explain  itself: 

(I  would  add  that  the  address  referred  to  in  this 
letter  is  one  which  was  delivered  to  the  Connecticut 
Chamber  of  Commerce  and  is  reprinted  in  the  Journal 
of  the  A.  I.  E.  E.  for  January  1920). 

It  has  been  said  that  the  clash  of  rival  systems  has  delayed  the 
electrification  of  railroads.  This,  in  my  opinion,  is  true;  but  I 
question  whether  such  a  result,  after  all,  has  not  been  beneficial. 

Fifteen  years  has  been  the  period  over  which  we  have  had 
opportunity  to  analyze  the  theory  and  practise  of  railway  elec- 
trification. 

Had  we  known  fifteen  years  ago  what  we  know  today  about 
electrification,  and  therefore  could  have  decided  the  proper 
system  to  apply  to  each  case,  the  financial  stress  under  which  the 
railroads  were  laboring  would  have  prevented  electrification. 

Today  the  industrial  demand  for  power  has  grown  so  prodig- 
iously that  faced  \\ith  the  old  methods  of  power  production  which 
we  have  been  perpetuating,  we  find  ourselves  faced  with  two 
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faetors,  greatly  militatiiig  against  seouring  and  maintaining 
supremacy  in  world's  trade.  Viz.:  (1)  throttled  production, 
and  (2)  waste  of  the  nation's  natural  resources. 

The  past  fifteen  years  of  education  have  opened  the  eyes  of 
the  ''opposing  camps"  to  certain  fimdamental  factors  which  will 
now  permit  a  prompt  unanimity  of  opinion  regarding  what 
system  applies.  The  railroad  managers  have  in  the  past  justly 
taken  the  groimd  that  since  we  could  not  make  up  our  minds 
which  system  was  correct,  they  would  wait  until  we  could.  But, 
as  stated  before,  I  believe  that  finance  and  not  system  has  been 
the  real  cause  of  lack  of  action  on  the  part  of  the  railroads  to 
electrify  and  that  the  delay  has  been  truly  beneficial  since  we 
can  now  stand  on  more  solid  ground  for  decision. 

I  am  enclosing  copy  of  an  address  made  before  the  Connecti- 
cut Chamber  (^  Commerce,  November  19th,  1919. 

While  the  super-power  line  as  described  in  that  address  is  an 
important  adjunct  to  the  plan  proposed,  the  central  idea  is  the 
indorsement  of  central  station  expansion  through  means  of 
which  national  production  may  be  increased  and  the  conserva- 
tion of  our  natural  resources  made  secure. 

As  the  major  demand  for  i>ower  in  the  territory  between 
Boston  and  Washington  is  for  industrial  purposes,  I  believe  that 
I  will  be  supported  in  the  following  conclusion: 

(a)  That  prime  generating  machinery  should  be  three-phase. 

(b)  That  the  power  to  be  applied  to  railroads  should  be 
through  synchronous  motor  generators  with  the  synchronous 
motor  fields  designed  to  relieve  to  a  maximum  degree  the  direct- 
current  excitation  of  the  prime  generating  machinery. 

(c)  That  the  question  of  whether  train  propulsion  be  by  direct 
or  by  alternating  current  should  be  settled  purely  upon  the 
economic  relations  existing  between  the  generating  side  of  the 
motor-generator  substations  and  the  driving  wheels  of  the  motive 
power.  In  sa3ring  this  I  realize  that  this  robs  the  single-phase 
system  of  the  argument  to  which  it  has  justly  laid  claim  by 
virtue  of  the  higher  efficiency  of  static  versus  rotative  sub- 
stations. 

Railroad  electrifications,  in  the  past,  have  been  individual  to 
themselves.  Today  I  believe  that  you  will  agree  that  they  will 
form  only  a  part  of  a  whole  and  indeed  be  a  smaller  part,  the 
industrial  load  being  the  greater — both  receiving  power  from 
the  same  source. 

I  would  like  to  be  first  under  the  above  conditions  in  recog- 
nizing two  serious  limitations  to  single-phase  generation. 

(a)  Size  of  generators. 

(b)  Low  power-factor  regulation. 

The  Paper's  Committee  have  assigned  the  18th  of  February 
during  the  Midwinter  Convention  in  New  York  as  the  date  for 
the  presentation  of  a  composite  paper  bearing  upon  the  subject 
as  presented  in  the  accompanying  pamphlet. 

It  is  respectfully  requested  that  you,  as  expert  authorities  in 
the  design  and  application  of  the  apparatus  in  your  rospeiQEti:^ 
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fields,  keeping  in  mind  the  central  idea  of  zone  application  of 
power,  contribute  your  ideas,  and  while  doing  so,  eliminate  all 
thought  of  the  past  battle  of  systems. 

I  further  believe  that  you  will  agree  that  .the  hour  has  struck 
for  a  united  front  and  that  such  a  paper  will  help  the  advance  of 
electricity's  rightful  use  in  the  industrial  and  railway  field. 

Since  writing  this  letter  contributions  have  been 
asked  from  Messrs.  Peaslee  and  Austin,  and  their 
valuable  opinions  touching  upon  line  and  insulation 
form  a  part  of  this  presentation. 

To  write  a  symposium  of  the  contributions  forming 
the  principal  part  of  this  paper  is  at  once  both  a  de- 
lightful and  easy  task  for  there  treads  through  such 
an  effort  the  supporting  element  of  imanimity  of 
opinion.  I  shall  not  undertake  to  comment  individu- 
ally upon  these  authors'  opinions,  for  that  would  be 
but  a  discussion  of  their  papers.  I  will  rather  treat 
the  subject  as  a  whole,  shaping  its  individual  parts 
from  the  contributed  opinions  of  the  authors,  using 
some  cement  of  my  own  for  coherence,  and  thus,  I 
trust,  arrive  at  a  true  composite  summary. 

I  am  immediately  struck  by  what  might  be  termed 
the  composite  voice  of  these  authors.  It  is  as  though 
they  say  in  unison,  "We  are  ready  and  the  conditions 
are  ready  to  put  this  thing  together."  It  is  opportune 
here  to  quote  from  the  address  delivered  by  Past 
President  Charles  F.  Scott  before  the  New  England 
Section  of  the  National  Electric  Light  Association, 
September  24,  1919:  "The  water  powers  which 
Nature  has  bestowed  upon  New  England  will  be 
wastefuUy  used  imtil  our  best  engineering  abilities 
combine  them  into  one  great  regional  power  system." 
Again,  "The  goal  is  the  super-power  system,  the  inter- 
connection of  hydraulic  and  steam  stations — a  single 
comprehensive  power  system,  and  the  universal  use 
of  electric  power" ;  and  again,  "A  still  larger  view  shows 
the  power  problem  from  New  York  to  Washington 
to  be  closely  related  to  that  of  New  England.  High- 
voltage  transmission  makes  the  region  from  Portland 
and  Boston  on  the  North  to  Baltimore  and  Washington 
on  the  South  a  single  electrical  area.  The  wide  and 
more  varied  the  field,  the  more  favorable  the  diversity 
factor.    Power  plants  at  water  powers,  at  coal  mines 
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and  on  tide-water  at  the  cities,  combined  into  one 
system  insure  the  highest  economy  in  power  pro- 
duction." 

Professor  Scott  shows  by  undeniable  records  of 
past  growth  of  central  stations,  that  if  the  present 
rate  of  increase  is  maintained  in  New  England,  its 
power  requirement,  now  1,500,000  kw.  will  be 
5,500,000  kw.  in  ten  years.  What  is  true  of  New 
England  is  true  throughout  all  the  centralized  indus- 
trial and  railroad  districts  of  the  United  States.  The 
super-power  system  now  so  urgently  needed  here  in 
the  northeast  will  find  demand  elsewhere  and  related 
in  time  of  application  to  the  industrial  and  railroad 
density  of  the  regions  to  be  considered. 

We  have  indeed  come  to  the  realization  that  electri- 
city solved  the  problems  of  high-speed  economic 
production  and  has  become  the  agent  of  a  tremendously 
diversified  utilitarianism.  I  heard  a  representative 
of  one  of  the  larger  electrical  companies  say  he  had 
just  closed  an  order  for  a  million  motors  for  electrical 
washers.  Think  of  this  as  a  million  kilowatt,  and 
then  think  also  of  the  diversity  factor  of  such  a  load! 
This  is  but  one  illustration.  The  electric  range,  the 
toaster,  curling  iron — all  these  little  implements 
depending  upon  electricity,  integrate  great  power 
loads  upon  central  stations.  The  amoimt  of  power 
a  one-kw.  washer  takes  in  an  hour  would  move  a 
40-ton  freight  car  half  a  mile.  Insignificant  as  the 
individual  power  application  may  be,  their  combina- 
tion makes  the  central  force  to  drive  them  immense. 

Mr.  Emmet  more  than  confirms  the  statements 
made  to  the  Connecticut  Chamber  of  Commerce 
relative  to  the  great  economy  of  electric  over  steam 
locomotives  and  draws  deserved  attention  to  the  more 
reliable  operating  characteristics  of  the  electric  engine 
over  that  of  the  steam  during  the  winter  months. 
Traction  requirements  in  such  season  "go  up"  and  the 
electric  locomotive's  capacity  automatically  "goes  up" 
to  meet  them,  while  the  steam  locomotive's  capacities 
when  they  are  most  needed  "go  down."  Who  has 
not  had  the  experience  when  upon  a  steam  train 
during  bitter  cold  weather,  of  having  his  question. 
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''What's  the  matter?"  answered  by  the  conductor, 
"We  can't  make  steam." 

Mr.  Emmet's  contribution,  though  brief,  not  only 
brings  out  the  fact  that  individual  turbine  sizes  are 
now  available  for  zone  power  application,  and  his 
closing  paragraph,  while  summating  important  con- 
ditions to  be  satisfied,  points  to  his  belief  that  real 
results  can  be  accomplished  by  cooperating  in  the 
art  of  power  production — this  to  my  mind  is  the  crux 
of  the  situation,  for  if  plant  A  is  inter-connected  with 
plant  By  then  the  customers  of  district  A  and  those 
of  district  B  both  can  enjoy  the  fruits  of  economical 
power  production,  as  upon  those  joint  districts  could 
be  impressed  the  voltage  from  selected  machines  of 
high  eflBciency  synchronized  upon  a  common  trans- 
mission bus. 

In  comparing  the  ecoi\omy  of  present  power  pro- 
duction throughout  the  Boston-Washington  zone,  with 
the  proposed  super-power  system,  I  have  stated  else- 
where that  the  former  will  average  at  least,  if  not 
more  than,  40  lb.  of  steam  per  kw-hour,  and  that  the 
average  consumption  per  kw-hour  for  the  super-power 
line  will  not  be  greater  than  15  lb.  In  this  connection 
it  is  most  interesting  to  note  Mr.  Johnson's  figures  of 
ten,  or  even  less  than  ten  pounds  of  steam  per  kw-hour. 

As  Mr.  Johnson  has  pointed  out,  "Constant  output 
at  as  nearly  as  possible  full  normal  capacity  is  the 
first  requisite  to  high  efficiency  or  its  equivalent,  low 
cost  of  production."  This  is  but  another  way  of 
saying  that  there  can  be  selected  from  the  inter-con- 
nected plants  of  those  now  operating  and  those  to  be 
built,  the  high  efficiency  units,  their  size  and  location 
related  to  required  distribution,  to  supply  the  base 
load,  with  the  governors  of  each  machine  set  to  con- 
tribute its  power  at  highest  efficiency. 

It  is  indeed  encouraging  to  find  no  qualifications 
in  Mr.  Johnson's  viewpoint  regarding  the  super-power 
system,  but  rather  a  reference  to  the  specific  nature 
of  the  apparatus  necessary  to  produce  satisfactory 
results,  and  especially  his  reference  to  the  adaptability 
of  the  multi-cylinder  type.  It  is  quite  clear  that 
Mr.  Johnson's  shop  specifications  are  ready  and  this 
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department  of  the  super-power  system  only  awaits 
orders  to  construct.  Mr.  Emmet  and  Mr.  Johnson 
have  given  us  the  assurances  regarding  the  steam  ele- 
ment in  the  super-power  generator.  What  do  Mr. 
Reist  and  Mr.  Newbury  say  regarding  the  other  half 
of  the  turbo-generators?  Mr.  Reist  says:  "So  many 
generators  of  from  30,000  to  50,000  kv-a.  are  at  present 
in  operation,  giving  satisfactory  results,  that  there 
need  be  no  hesitancy  in  considering  generators  such  as 
those  now  used  or  larger." 

Mr.  Newbury  says:  "The  generating  element  in 
the  proposed  Boston-Washington  power  supply  sys- 
tem does  not  involve  anjrthing  new  or  untried.  The 
individual  power  stations  need  not,  and  probably 
would  not,  be  any  larger  than  stations  now  in  opera- 
tion, or  under  construction:  Certainly  any  probable 
station  involved  in  carrying  out  this  super-power 
development  could  be  designed  with  steam  and  electric 
generating  units  of  size  now  available." 

Mr.  Reist's  remarks  regarding  the  standardization 
of  potential,  methods  of  insulation  and  the  closed 
cycle  of  ventilation  are  indeed  illuminating  and  all 
point  to  that  reliability  of  construction  so  necessary 
to  continuity  of  service.  It  is  surely  a  step  in  the 
right  direction,  and  a  mark  of  determination  to  save 
thermal  losses  when,  as  Mr.  Reist  points  out,  the 
generator  itself  is  made  to  function  as  a  feed  water 
heater.  It  may  be  said  indeed  that  this  will  be  a  clean 
and  efficient  way  to  accomplish  generator  ventilation. 

Mr.  Reist  has  opened  up  an  interesting  sugges- 
tion regarding  the  consideration  of  fifty  cycles 
as  a  standard  for  world's  frequency.  Personally, 
I  cannot  offer  a  friendly  port  to  this  thought.  I 
believe  our  generating  and  transformer  investment 
in  the  two  generally  accepted  standards  of  frequency 
viz.  25  and  60  cycles  is  of  an  order  too  large  to  change 
now.  Certainly,  generating  equipment  of  40  and 
62J^  cycles  should  be  discouraged.  In  Mr.  Thomas' 
presentation  of  the  transmission  and  distribution  prob- 
lem for  the  super-power  zone  much  valuable  sugges- 
tion is  offered  to  confirm  the  standard  for  prime 
generating  power  at  60  cycles. 
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I  think  Mr.  Newbury  has  pointed  out  a  fact,  not  to 
be  denied,  in  saying  that  the  "super-power  scheme 
will  have  to  be  developed  by  building  up  local  central 
stations.  Its  growth  must  be  outward  from  these 
centers;  but  I  believe  he  would  agree  in  the  import^ 
ance  of  inter-connection  of  plants  through  high-voltage 
transmissions  to  secure  not  only  diversity  factor  of 
load,  but  economic  generation  and  transfer  of  power 
from  one  district  to  another.  The  operator  who  has 
tried  to  secure  for  his  company  the  maximum  number 
of  kw-hours  per  annum  from  the  minimum  number 
of  tons  of  coal  burned,  has  indeed,  many  times  been 
burdened  with  the  thought  of  the  low  efficiency  of 
some  of  the  turbines  in  his  plant  that  he  has  had  to  run 
on  base  load  when  a  neighboring  plant  has  had  a  ma- 
chine lying  idle  whose  efficiency  was  the  equal  of  his 
best  machine.  Diversity  factor  though  important 
pales  in  value  when  compared  to  this.  That  is  one  of 
the  operating  conditions  I  infer  Mr.  Emmet  had  in 
mind  when  he  made  reference  to  cooperation.  I 
can  easily  conceive  of  a  tie  line  between  two  plants 
without  a  single  kilowatt  of  additional  *  capacity 
pajdng  a  handsome  return  on  the  investment  necessary. 

Mr.  Potter's  able  contribution  on  the  traction  side 
of  the  problem  needs  but  a  small  amount  of  cement 
to  bind  it  to  this  symposium.  He  has  furnished  the 
cement  along  with  his  paper.  In  short,  he  tells  us 
that  every  form  of  railroad  service,  passenger,  freight 
or  switching  can  be  performed  and  better  performed, 
by  the  electric  locomotive.  The  record  of  electric 
motive  power  now  in  service  doing  terminal,  level  and 
mountain  service,  and  the  mileage  electrified,  bespeaks 
the  practicability  of  electric  traction  in  the  zone  imder 
contemplation.  Table  II  is  indeed  a  consolidation 
of  interesting  facts  and  I  am  pleased  to  note  that 
he  arrives  at  14,000,000  tons  of  coal  as  the  amount 
to  be  saved  by  electric  traction  over-steam  which  is 
2,000,000  tons  greater  than  the  figures  I  have  named 
in  an  approximate  preliminary  study  of  the  situa- 
tion. On  the  other  hand,  I  think  Mr.  Potter  has 
been  conservative  on  his  estimate  regarding  the  main- 
tenance figures  as  I  believe  the  savings  here  will  be 
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much  more  rather  than  ''more''  in  the  amoimt  he  has 
named. 

An  illness  has  robbed  us  of  Mr.  Storer's  direct 
contribution  to  this  paper,  but  we  find  his  ample 
support  in  the  traction  field  by  the  recent  remarks 
he  made  before  the  Western  Railroad  Club,  December 
15,  1919.  A  copy  of  these  remarks  is  before  me. 
In  them  he  refers  to  President  Townley's  paper,  read 
before  the  Boston  Branch  of  the  A.  I.  E.  E.  Mr. 
Townle/s  paper  was  epoch-making  in  its  insistance 
that  the  railroad  man  and  the  electrical  man  view  the 
railroad  problem  together  and  not  apart.  Fifteen  years 
of  association  between  the  railroad  and  the  electrical 
man  has  brought  this  amalgamation.  Mr.  C.  L. 
Bardo,  General  Manager  of  the  New  Haven  road  was 
one  of  the  first  to  recognize  this  necessity.  Mr.  Bardo 
recognized  that  the  requirements  necessary  to  efficient 
operation  by  electric  or  steam  locomotive  were  equal — 
but  oppositel  He  observed  that  an  electric  engine 
would  haul  twice  the  tonnage  for  which  it  was  designed 
and  then  apparently  without  rhyme  or  reason  go  out 
of  business  three  weeks  later.  Whereas,  he  noted 
later,  if  the  designed  service  duty  of  the  electric 
engine  was  strictly  adhered  to  it  would  do  its  work 
on  half  the  coal  and  half  the  maintenance,  and  would 
double  or  treble  its  mileage  per  engine  failure. 

Quoting  from  Mr.  Storer's  paper,  "Actually,  electri- 
city has  been  tried  in  every  known  kind  of  railroad 
service  from  street  railways  to  high-speed  passenger 
locomotives;  from  mining  locomotives  to  the  heaviest 
freight  locomotives  for  mountain  grade  and  tunnel 
service  and  from  switching  in  the  great  classification 
yards  to  fast  freight  trains  on  trans-continental  lines. 
In  every  case  electricity  has  shown  its  ability  to  do  its 
work  as  well  as,  and  in  most  cases,  it  has  done  better 
than  the  steam  locomotive  has  done  and  would  do  it/' 

Mr.  Storer  closes  his  paper  by  saying:  "The  big 
question  of  capacity,  fuel  conservation,  shortage  of 
labor  and  the  improvement  of  terminals,  will  exert 
all  the  pressure  toward  electrification  that  the  railways 
can  stand";  all  of  which  points  to  the  necessity  of  the 
super-power  system  which  should  be  ready  to  contri- 
bute its  economies  to  such  an  end. 
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High  tribute  is  due  Mr.  Torchio  for  his  able  and 
intensely  interesting  contribution  regarding  the  relative 
value  of  water  versus  steam  power  development. 
Looking  at  his  study  of  the  situation  from  conserva- 
tion standpoint,  brings  to  mind  certain  remarks  made 
by  Mr.  Frederick  Darlington,  whose  able  services 
rendered  the  War  Industries  Board  during  the  war 
are  well  known  and  appreciated  throughout  the 
country.    Mr.  Darlington  said : 

"In  the  central  power  station  business  so  much  of  the 
cost  of  service  goes  to  pay  for  invested  capital  that  it  is 
most  essential  that  the  interest  rates  should  be  kept 
low  which  can  be  done  only  by  making  the  investment 
safe,  that  is;  by  so  regulating  rates  that  principal  and 
interest  will  be  secured.  From  a  national  po^t  of 
view,  as  effecting  the  general  industrial  eflBciency  of  our 
manufacturing  and  power-consuming  districts,  it  is 
relatively  imimportant  whether  the  cost  of  power  is  one 
mill  or  two  mills  per  unit  more  or  less  than  some  estab- 
lished rate,  whereas  it  is  of  vital  importance  for  the 
conservation  of  resources,  for  economy  of  production 
and  for  general  industrial  efficiency  that  the  bulk  of 
the  power  used  should  be  made  by  central  systems  as 
against  isolated  plants;  therefore  let  us  try  to  get  our 
law-makers  and  public  executives,  national,  state  and 
municipal,  to  take  the  Government  point  of  view,  in 
other  words,  to  think  in  terms  of  the  war  which  are 
also  terms  of  peace  from  a  Government  standpoint,  and 
uniformly  and  rationally  to  encourage  central  power 
development,  provide  for  a  just  return  to  capital  in 
electric  power  business  and  grant  monopolies  under 
regulations  that  will  foster  co-ordination  and  interstate 
operations." 

The  point  made  by  Mr.  Torchio  regarding  the  de- 
creasing advantages  of  water  powers  on  rivers  without 
regulative  storage,  in  proportion  to  their  seasonal 
variation  in  flow  and  especially  where  their  energies  can 
be  applied  only  to  independent  systems  canying  low 
load  factor,  has  been  one,  and  rightly  so,  to  discourage 
their  development. 

It  is  right  here  where  care  must  now  be  used  to 
differentiate   between    the  past   small   and  confined 
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conditions  as  compared  with  the  present  large  and 
unconfined  conditions.  Where,  in  the  past,  rivers 
whose  energies  were  to  be  applied  to  a  confined  system, 
and  whose  load  curve  for  one  day  could  be  super- 
imposed upon  that  of  the  following  with  near  coinci- 
dence, were  developed  for  one  second-foot  per  square 
mile  of  drainage  area,  these  same  rivers,  today,  are 
being  developed  for  two,  three  and  even  four  second- 
feet  per  square  mile  of  drainage  area,  and  we  have 
arrived  at  this  condition  because  of  the  tremendous 
progress  made  in  the  inter-connections  of  systems 
through  the  means  of  which  extra  load  capacity  and 
diversity  factor  are  offered.  Today  water  power  de- 
velopment is  looking  quite  as  much,  if  not  more,  for 
kilowatt-hours  as  it  is  for  kilowatts,  and  therefore  the 
more  the  energy  requirement  and  diversity  factor  in 
inter-connected  systems,  the  greater  is  the  opportunity 
for  unregulated  streams  to  pour  their  kilowatt-hours 
into  such  a  composite  reservoir  of  power.  This  is  only 
saying  in  another  way  what  Mr.Torchio  has  already  said. 

Mr.  Torchio's  table  consolidating  a  "Review  of 
supply  and  consumption  of  coal  by  classes  and  terri- 
tories, and  the  relation  which  the  potential  water  powers 
bear  to  the  amount  of  coal  used  in  the  United  States," 
brings  out  and  confirms  my  statement  that  in  the  east 
we  can  never  expect  a  greater  contribution  from  water 
than  10  per  cent  of  the  total  power  requirement,  and  it 
is  to  the  economy  of  steam  produced  power  that  we 
must  earnestly  address  ourselves.  On  the  other  hand, 
we  must  be  as  assiduous  in  our  effort  to  avail  ourselves 
to  a  maximum  degree  of  the  little  that  nature  has 
bestowed  upon  us. 

Of  great  interest  comes  the  check  by  Mr.  Torchiio  on 
Mr.  Potter's  figures  of  coal  to  be  saved  by  the  electrical 
operation  of  the  railroads.  As  stated  before,  the  com- 
puted horse  power  of  locomotives  in  the  zone  under 
consideration  is  7,000,000.  Mr.  Torchio  shows  a  total 
saving  of  94,000,000  tons,  should  the  50,000,000  horse 
power  of  steam  locomotives  in  this  country  be  turned 
imto  electrical  operation.  Seven-fiftieths  of  94,000,000 
would  be  13,160,000 — a  figure  lying  between  my  own 
estimate  and  that  of  Mr.  Potter's.    Again,  on  the  indus- 
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trial  side,  Mr.  Torchio  shows  a  saving  of  61,700,000  tons 
saved  if  the  present  plants  in  the  country,  aggregating 
25,250,000  horse  power,  were  operated  from  the  lines  of 
high-efficiency  central  stations.  As  the  computed 
horse  power  of  the  zone  under  contemplation  calls  for 
an  aggregate  capacity  of  10,000,000  horse  power,  this 
would  accordingly  indicate  a  saving  of  10/25  of 
61,700,000  or  24,500,000  tons,  which  added  to  the  above 
figure,  for  the  railroads,  of  13,160,000  tons,  makes  a 
total  saving  of  approximately  38,000,000  tons.  Both 
Professor  Breckenridge  of  Yale,  Chairman  of  the  Fuel 
Conservation  Committee,  Engineering  Council,  and 
Director  George  Otis  Smith,  head  of  the  department  of 
(Geological  Survey,  have  accused  me  of  being  too  con- 
servative on  these  savings,  and  I  am  glad  to  see  them 
showing  more  than  less. 

We  have  discussed  the  generation  and  utilization  of 
power.  The  link  between  its  generation  and  utiliza- 
tion is  transmission  and  distribution.  Mr.  Percy  H. 
Thomas  has  contributed  a  most  valuable  and  illuminat- 
ing discussion  upon  this  very  vital  factor  of  considera- 
tion, and  it  forms  a  most  important  part  of  this  presen- 
tation. Again  we  see  the  objective  brought  out  by  Mr. 
Thomas  in  that  the  great  base  load  of  the  super-power 
system  must  be  carried  by  the  large,  high-economy 
steam  plants  supplemented  by  water  power;  peak 
loads  and  regulative  features  of  the  system  being  taken 
care  of  in  the  main,  by  ''present  large  generating  sta- 
tions." 

Mr.  Thomas's  comprehensive  grasp  of  the  trans- 
mission and  distribution  problem  of  the  super-power 
zone  leaves  me  with  but  one  recommendation,  and  that 
is,  your  most  careful  perusal  of  his  paper.  The  fimc- 
tioning  of  capacity  against  inductance  in  the  respective 
square  relation  between  voltage  and  current  must 
commend  itself  to  you  in  the  matter  of  maintaining 
unity  power  factor  for  transmission.  Here  we  see 
transmission  economy  maintained  and  automatic  pro- 
tection against  the  evil  effect  of  short  circuit.  A  point  of 
almost  fascinating  interest  is  the  one  brought  out  by 
Mr.  Thomas  in  the  capacity  effect  on  the  main  line 
between  Boston  and  Washington  to  preserve  continuity 
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of  high  power  factor  and  the  ability  to  transfer  power 
north  or  south  without  undue  loss.  The  main  line 
will  be  a  veritable  static  condenser  to  the  whole  s]rstem, 
and  with  such  excellent  distribution  of  generating 
centers,  magnetization  will  provide  means  of  stabilizing 
and  maintaining  a  constant  voltage  throughout  the 
whole  system. 

The  simplicity  of  construction  and  reduction  to  a 
minimum  of  the  switch  gear  applicable  to  the  220,000- 
volt  primary  transmission,  making  use  to  the  maximum 
of  present  equipment  installed,  robs  the  proposed  new 
generating  equipment  and  super  lines  of  much  compli- 
cation and  cost. 

Mr.  Thomas  touches  on  the  cost  of  super-power 
equipment  to  the  extent  of  900,000  kw.,  this  inclusive 
of  generating  and  transmission  equipment  up  to  700 
miles,  and  names  a  figure  of  $150,000,000.  Twice  that 
capacity,  in  combination  with  the  present  large  plants, 
would  go  a  long  ways  toward  handling  the  present 
industrial  and  railroad  loads  in  the  zone  named,  Mr. 
Potter's  figures  for  the  railroad  requirements  being 
only  750,000  kw. 

Mr.  Austin's  and  Mr.  Peaslee's  contributions  regard- 
ing the  characteristics  of  line  and  insulation  for  high- 
voltage  transmission  carry  conviction.  Particularly 
interesting  is  Mr.  Peaslee's  appeal  for  ruggedness  in  the 
insulator,  and  Mr.  Austin's  appeal  for  simplicity  of 
construction  throughout,  again  touching  on  many 
points  brought  out  in  Mr.  Thomas's  paper. 

Their  papers  may  be  interpreted  briefly  by  saying 
that  in  the  department  of  insulation,  which  is  second 
to  none  in  importance  to  maintain  both  economy  and 
continuity  of  operation,  the  problem  is  already  solved. 
Indeed,  I  think  that  it  can  be  well  said  that  so  great 
are  the  returns  portended  by  such  a  proposed  system 
of  organized  power  policy,  that  like  the  great  bridges 
built  to  sustain  a  high  density  of  transportation,  so 
may  these  trunk  and  tie  transmission  lines  be  built  to 
carry  their  great  electrical  loads.  Their  very  largeness 
will  bring  unusual  factors  of  safety  both  electrical  and 
mechanical. 

With  these  savings  in  sight,  and  with  the  means  at 
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hand  to  effect  them,  these  means  being  but  the  placing 
in  operation  of  intensive  practises  long  tried  out  and 
demonstrated  as  sound  in  principle — can  this  nation 
afford  to  be  classed  as  one  drunk  with  the  wealth  of  her 
natural  resources,  and  rolling  in  a  criminal  debauch  of 
their  treasure?  Is  it  to  be  the  Americanism  of  the 
future  to  permit  this  intolerable  record  of  waste  to  go 
on? 

It  is  hardly  within  the  province  of  this  paper,  should 
the  investigation  proposed  be  made  and  confirm  these 
projected  results,  to  make  suggestions  regarding  the 
methods  of  procedure  looking  toward  the  financing  and 
construction  of  the  regional  plant  required.  The 
following  points  however,  are  significant : 

1.  Conservation  in  fuel,  labor  and  materials  reduced 
to  money  equivalents  represent  approximate  savings 
of  $300,000,000  per  annum. 

2.  The  highest  representative  engineering  talent  in 
the  coimtry  agrees  that  the  plan  is  entirely  practical. 

3.  The  securities  which  represent  an  investment  in 
such  a  property  (said  property  to  be  confined  to  the 
features  of  generation  and  inter-connecting  trans- 
missions) whether  underwritten  by  the 

a.  States,  or 

b.  Federal  Government,  or 

c.  Private  Interests,  or 

d.  Private  Interests  guaranteed  by  the  states  or 
Government  will  carry  a  low  interest  by  virtue  of  their 
great  national  importance  and  financing  should  not  be 
difficult. 

4.  Our  northeast  Atlantic  seaboard  is  the  natural 
finishing  shop  of  American  industry,  populated  with 
skilled  labor  to  which  should  be  available  a  cheap  and 
reliable  power  and  by  it  will  be  secured  high-speed 
production  for  shipment  in  American  bottoms  (our 
Merchant  Marine)  to  maintain  our  supremacy  in 
world's  trade. 

5.|  Industrial  concerns  are  far  behind  in  their  power 
requirements  and  a  delay  in  a  supply  of  electrical 
power  to  them  will  force  them  to  resort  to  and  perpet- 
uate the^present  wasteful  method  of  supplying  it  by 
plants  built^by  themselves.    The  investment  necessary 
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to  their  motor  requirements  will  be  gladly  borne  by 
them  and  financed  immediately. 

6.  The  railroads  in  this  zone  ans  ready  for  electri- 
fication as  only  by  it  will  capacity  be  increased:  first 
by  the  relief  from  congestion  of  coal  traffic,  and  second 
by  higher  speed  and  tractive  efforts  offered  in  the  use  of 
electrical  locomotives,  thus  obviating  the  immediate 
necessity  of  disproportionate  increase  In  track  mileage 
and  equipment.  The  one  alternative  or  the  other  must 
be  chosen  and  the  right  one  is  apparent. 

The  following  is  a  summation  of  approximate  invest- 
ment co&t  and  return  for  the  super-power  zone: 

Super-Power  System 

(a)  New  machine  capacity  2,700,000  kw. 
High-tension  transmission  mileage 

2100 

(b)  Unit  cost  per  kw.   inclusive   of 

transmission  lines,  $164 

(c)  Total  cost  super  power  system 

2,700,000  X  $164  =       $442,800,000 

Railroads 

(a)  Present   steam   horse   power 

7,000,000 

(b)  On  accoimt  increased  speed,  trac- 

tion and  machine  factors  100  per 
cent  steam  horse  power  can  be 
replaced  by  80  per  cent  electrical 
horse  power 
7,000,000  X  80  per  cent 

=  5,600,000  h.p. 

(c)  Cost  of  electrical  lo- 

comotives per  horse 

power  =  $80(high) 

5,600,000  X  80  =    $448,000,000 

(d)  30,000  miles  (single 

track)  to  be  elec- 
trified 
Cost  per  mile  $7,500 
30,000  X  7,500  =    $225,000,000 

(e)  Total  cost  raih-oads  $673,000,000, 
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Industrial  Plants 

(a)  Total  horse  power  10,000,000  of 

which  5,000,000  to  be  changed 
to  electrical  drive. 

(b)  Cost  per  horse  power  inclusive  of 

transformers  and  local  distribu- 
tions $25 

(c)  Total  cost  industrial  plants 

5,000,000  X  $25  =         125,000,000 


Total  zone  investment  $1,240,800,000 

Total  savings  per  annimi  300,000,000 

Average  return  on  investment    24  per  cent 

1.  W.  L.  R.  EMMET 

Large  Steam  Turbines 

In  discussing  the  broad  expediency  of  power  dis- 
tribution from  central  steam  stations,  it  is  not  necessary 
to  consider  the  relative  merits  of  turbines  of  different 
types.  The  value  of  the  product  of  such  machines 
is  so  great  in  proportion  to  their  cost  that  wide  varia- 
tions of  efficiency  cannot  be  tolerated,  and  it  may  be 
said  that  all  large  turbines  are  good  as  compared  with 
other  apparatus  for  obtaining  power  from  fuel.  In 
large  turbine  units,  a  variation  of  10  per  cent  in  effi- 
ciency might  justify  the  scrapping  of  one  machine  and 
the  purchase  of  another,  unless  the  inferior  machine 
could,  as  is  usually  the  case,  be  used  as  a  reserve  or 
peak  load  unit. 

The  best  steam  turbine  station  equipments,  operat- 
ing under  favorable  conditions,  can  deliver  a  horse 
power  hour  in  the  form  of  electricity  with  an  expendi- 
ture of  one  pound  of  coal,  while  four  pounds  are  re- 
quired to  deliver  a  horse  power  hour  to  the  drawbar 
of  a  good  locomotive.  The  locomotive  is  further 
subject  to  many  disadvantages,  its  fuel  supply  must 
be  delivered  and  stored  on  a  relatively  small  scale 
in  many  inconvenient  places,  and  its  efficiency  is 
greatly  affected  by  conditions  of  temperature.  Its 
water  supply  is  also  a  matter  of  much  trouble  and 
expense.  While  the  comparison  of  efficiency  between 
the  large  power  station  and  the  smaller  engine  or 
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turbine  equipment  used  in  small  stations  and  isolated 
power  plants  is  less  striking  than  that  with  the  locomo- 
tives, it  is  nevertheless  highly  unfavorable  to  the  small 
plant,  and  this  is  fully  demonstrated  by  the  rapid 
growth  in  the  use  of  central  station  power  in  industrial 
plants  large  and  small.  The  important  requirements 
for  economical  power  production  in  turbine  stations 
are:  large  and  continuous  demand,  facilities  for  eco- 
nomical purchase,  handling  and  storage  of  fuel,  and  an 
ample  supply  of  condensing  water. 

Power  delivered  near  centers  of  demand  where  load 
factor  is  high  has  a  much  higher  value  than  that  pro- 
duced in  remote  places,  that  is,  it  pays  to  transmit 
power  long  distances  for  occasional  or  irregular  demand, 
while  for  large  and  continuous  demand  it  is  profitable 
to  produce  it  locally. 

Our  large  rivers  with  their  fertile  valleys  have 
naturally  focused  our  centers  of  population  and  of 
transportation  facilities.  They  afford  the  requisites 
for  economical  power  production,  and  the  lines  of 
railways  correspond  generally  to  the  natural  arteries 
for  its  distribution.  To  accomplish  ideal  results  in 
power  production  for  general  uses  over  large  areas 
will  require  broad  cooperation,  and  dependable  finan- 
cial conditions  under  such  franchise!^  as  will  give  reason- 
able security  against  political  attacks,  and  which  will 
give  scope  for  the  many  progressive  individual  activi- 
ties which  are  gradually  developing  the  electrical  art 
and  educating  the  public  to  its  uses. 

2.  J.    F.    JOHNSON 

Large  Steam  Turbines 

The  economy  benefits  resulting  from  the  proposed 
consolidation  and  expansion  of  electric  power  pro- 
duction, distribution,  and  application  in  a  portion  of 
the  New  England  and  middle  Atlantic  section,  prop- 
erly organized  and  managed,  and  amply  financed, 
would  undoubtedly  be  very  great.  Problems  involved 
would  require  the  services  of  our  greatest  engineers  of 
finance,  organization,  distribution,  and  production, 
but  the  writer  can  see  no  reason  why  these  should  not 
be  satisfactorily  and  proStably  solved. 
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The  problem  affecting  the  steam  turbine  designer 
is  only  a  very  small  portion  of  the  general  problem  of 
production.  With  an  electric  power  generating  sta- 
tion, as  with  a  manufacturing  establishment,  constant 
output  at  as  nearly  as  possible  full  normal  capacity 
is  the  first  requisite  to  high  efficiency  or  its  equivalent, 
low  cost  of  production. 

Studies  of  the  load  ciures  of  the  various  districts 
served  will,  no  doubt,  be  made  to  determine  the  prob- 
able load  factor  obtainable  by  the  proposed  consoli- 
dation and  expansion. 

The  greatest  amount  of  saving  in  cost  of  production 
of  power  is  to  be  made  by  the  discontinuance  of  the 
many  small  and  medium  sized  generating  stations, 
many  of  which  contain  apparatus  which  is  either 
obsolete,  incomplete,  or  imeconomically  arranged, 
and  replacing  them  with  large  capacity  stations  de- 
signed for  maximum  reliability  and  efficiency.  This 
would  include  the  development  of  available  water 
powers  to  the  maximum  degree  feasible,  and  the  addi- 
tion of  such  steam  power  stations  as  would  be  necessary. 
Against  this  saving  would,  of  course,  have  to  be  charged 
the  costs  and  losses  incident  to  the  increased  dis- 
tribution system  required. 

The  design  of  the  steam  generating  stations,  such  as 
would  be  required,  should  probably  not  differ  materi- 
ally from  those  being  employed  for  our  largest  and 
most  modem  stations  now  building,  and  their  effici- 
ency would  not  differ  materially  from  those  now  ob- 
tainable except  as  affected  by  the  higher  load  factor 
under  which  they  would  operate. 

Reliability  would,  of  course,  have  to  be  the  first  aim 
of  the  designer,  and  this  requisite  would  preclude  the 
adoption  of  experimental  apparatus  or  conditions 
widely  removed  from  those  now  used  and  known  to 
produce  satisfactory  results. 

Generating  stations  of  from  200,000  to  300,000  kw. 
capacity,  employing  generating  units  of  from  50,000 
to  75,000  kw.  capacity,  each  operating  on  steam  con- 
ditions of  300  lb.  pressure,  200  deg.  fahr.  superheat, 
and  29  in.  vacuum  referred  to  a  barometer  of  30  in., 
would  involve  no  difficulties  of  design,  construction, 
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nor  operation,  and  from  such  stations  a  steam  con- 
sumption rate  of  10  lb*,  or  less  per  kw-hr.  and  total 
station  rate  of  less  than  1^  lb.  of  good  quality  coal 
per  kw-hr.  output  should  be  obtained. 

Steam  turbines  of  the  multi-cylinder  type,  similar 
to  those  now  in  use  and  under  construction  would 
possess  advantages  because  of  their  reliability,  effici- 
ency, and  flexibility,  and  also  because  of  their  adapta- 
bility to  other  operating  conditions,  should  changes 
become  advisable  by  reason  of  further  experience  or 
development.  Only  the  high  pressure  element  of  a 
multi-cylinder  unit  would  require  alteration  to  meet 
such  a  change  of  conditions. 

3.  H.  G.  REIST 

Large  A-C.  Generators 

The  following  brief  discussion  has  reference  to 
generators  needed  in  a  proposed  super-power  zone 
extending  through  the  southern  part  of  New  England 
and  the  southeastern  part  of  New  York  and  Pennsyl- 
vania to  Washington,  D.  C.  In  this  area  there  would 
naturally  be  a  number  of  power  houses  located  at  points 
where  condensing  water  was  availjable  and  where  coal 
could  be  delivered  with  the  least  haulage  by  rail. 
Probably  most  of  these  power  houses  would  be  located 
on  tide- water;  others,  in  the  vicinity  of  the  coal  mines. 

The  size  of  the  generating  imits  for  such  a  project 
will  undoubtedly  be  determined  largely  by  the  output 
required  from  individual  power  houses.  Probably 
there  would  be  at  least  five  generating  units  in  each 
installation,  so  that  repairs  and  inspection  of  the  units 
could  be  made  without  much  reduction  in  output  at 
any  point.  Any  reduction  in  output  would  have  to  be 
supplied  from  neighboring  power  houses  and  the 
transmission  of  large  masses  of  power  should  naturally 
be  avoided  to  limit  the  line  losses.  Nor  should  there  be 
an  excessive  number  of  machines,  as  this  would  in- 
crease the  cost  of  attendance  and  installation.  A 
second  consideration  in  determining  the  size  of  the 
units  is  the  economical  maximum  size  of  the  steam 
turbine.  This  subject  was  discussed  at  length  at  a 
recent  meeting  of  the  A.  I.  E.  E.  and  we  may  assume 
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that  three-phase  generators  can  readily  be  built  for  the 
limiting  sizes  of  the  steam  imits  Suggested  at  that  time. 
It  seems  probable  that  whatever  frequency  is  selected 
for  this  system  of  distribution,  turbines  and  generators 
can  be  supplied  to  meet  the  most  desirable  number  of 
imits  to  be  placed  in  each  installation.  So  many 
generators  of  from  30,000  to  50,000  kv-a.  are  at  present 
in  operation,  giving  satisfactory  service,  that  there 
need  be  no  hesitancy  in  considering  generators  as  large 
as  those  now  in  use,  or  larger. 

The  potential  of  these  generators  should  be  within 
the  limits  of  our  experience,  that  is,  not  above  13,200 
volts  and  preferably  lower,  if  this  does  not  cause  incon- 
venience in  the  lines  leading  from  the  generators  to  the 
step-up  transformers.  The  eflBciency  of  large  modem 
generating  units  is  very  high.  The  losses  may  be 
expected  to  be  less  than  2  per  cent  of  the  output  of  the 
machine,  but  even  with  these  small  losses,  careful 
attention  must  be  paid  to  the  design  of  the  machine  to 
get  satisfactory  ventilation  so  as  to  keep  all  parts  of  the 
machine  reasonably  cool.  While  it  is  permissible  to 
allow  a  high  temperature  on  the  rotating  element, 
with  normal  maximum  potential  of  125  or  250  volts  in 
the  windings  it  is  better  to  restrict  the  heating  in  the 
stationary  element  to  a  temperature  which  will  not 
impair  the  materials  used  for  insulating  the  windings. 
It  is  recognized  that  nearly  all  our  flexible  insulating 
materials,  such  as,  paper,  cloth,  fibre  and  varnishes, 
deteriorate  at  a  temperature  slightly  above  100  deg. 
cent.,  with  greater  or  less  rapidity.  The  well-known 
exception  to  this  rule  is  mica,  but  an  insulation  of  mica 
as  applied  in  electrical  machinery,  consists  of  a  multi- 
tude of  thin  flakes  held  together  by  shellac,  or  other 
varnishes  which  also  seal  the  interstices  between  the 
flakes.  The  electrical  resistance  of  all  such  varnishes 
decreases  with  increase  in  temperature.  With  some  of 
these  materials,  the  resistance  decreases  rapidly  at 
temperatures  as  low  as  75  to  80  deg.  cent.  Other 
varnishes,  especially  some  that  have  been  developed  in 
recent  years,  retain  their  resistance  at  considerably 
higher  temperatures.  When  the  subject  is  considered 
from  all  standpoints,  it  seems  imdesirable  to  ox>erate 
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such  important  machinery  at  a  higher  temperature  than 
is  allowed  by  "Class  A"  insulation  in  ^e  American 
Institute  Rules.  Nor  is  there  much  objection  to 
insisting  on  low  temperature  on  such  large  machines, 
since  the  increase  in  size  and  cost  of  cool  machines  is 
n^ligible  as  compared  with  those  operating  at  higher 
temperatures.  Moreover,  the  mechanical  construction 
should  be  such  as  has  been  tested  and  found  to  be 
reliable.  The  machines  should  be  designed  to  have 
minimum  losses  and  an  efficient  system  of  ventilation. 

Big  generators  are  cooled  by  circulating  a  very  large 
amount  of  air  through  the  various  ducts  provided  for 
this  purpose  in  the  machine.  Any  soot  or  dirt  in  the 
air,  and  the  air  alwasrs  carries  some  of  this  material,  is 
liable  to  be  deposited  on  the  siuf  aces  of  the  ventilating 
ducts  and  on  the  exposed  surfaces  of  the  coils,  thus 
greatly  reducing  the  efficiency  of  these  surfaces  in 
transmitting  the  heat  to  the  circulating  air.  To  avoid 
this  deterioration,  the  air  is  generally  passed  through 
air-cleaning  apparatus  which  removes  about  98  per 
cent  of  the  dirt  contents,  but  even  with  this  cleaning, 
a  considerable  amount  of  dirt  will  accumulate.  An 
improved  method  of  cooling  which  has  been  adopted  in 
a  few  cases  and  which  has  excited  the  interest  of  .engi- 
neers in  many  other  installations,  is  to  enclose  the  air 
used  in  cooling  the  generator  completely,  and  to 
re-circulate  it,  thus  not  taking  in  any  new  air.  The 
circulating  air  may  be  cooled  by  the  familiar  spray 
system,  but  in  many  cases  it  is  preferable  to  cool  it  by 
a  system  of  radiators,  similar  to  those  used  on  auto- 
mobiles, only  they  function  to  cool  the  air  passing 
through,  instead  of  cooling  the  water,  as  in  a  motor  car. 
Under  certain  conditions,  the  water  from  the  condensed 
steam  may  be  used  as  a  cooling  medium  in  these  radia- 
tors. This  offers  a  method  of  returning  part  of  the 
heat  to  the  boilers,  thus  saving  a  small  amount  of  heat 
which  ordinarily  is  lost.  In  this  way  there  is  no 
opportunity  for  dirt  to  get  into  the  system. 

A  closed  system  of  ventilation  offers  some  advantage 
in  extinguishing  internal  fires  which  sometimes  occur, 
since  it  will  be  possible  to  retain  gases  or  vapors,  which 
may  be  used  in  putting  out  the  fire.    It  is  difficult  to  do 
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this  with  the  ordinary  system  of  ventilation,  since  the 
rapid  circulation  of  the  air,  of  which  there  is  a  continued 
new  supply,  blows  gases  out  of  the  machine  very  rapidly 
even  if  enclosing  dampers  are  provided. 

On  account  of  the  great  capacity  of  the  lines  in  such 
a  large  system,  there  may  be  some  advantage  in  the  use 
of  induction  generators.  Such  machines  cannot  readily 
be  built  in  as  large  sizes  as  synchronous  generators,  for 
the  following  reasons: 

1st.  Such  machines,  having  smaller  airgaps,  are 
more  diflBcult  to  ventilate  than  standard  synchronous 
generators; 

2nd.  Magnetizing  current  must  be  supplied  through 
the  armature  winding.  Therefore,  larger  current  is 
required  in  the  windings  which  have  to  be  insulated 
against  the  potential  of  the  machine; 

3rd.  The  rotor  must  be  at  least  partly  built  of  lamin- 
ated iron,  making  it  impossible  to  design  as  stiff  a 
structure  as  otherwise,  thus  reducing  the  critical  speed. 

Roughly,  the  size  of  an  induction  generator  would 
probably  be  from  25  per  cent  to  30  per  cent  larger  than 
a  synchronous  generator  and  the  cost  of  the  machine  in 
proportion.  Since  the  present  limit  in  the  design  of 
steam  turbine  generator  sets  is  due  to  the  turbines  and 
not  to  the  generator,  except  possibly  at  3600  rev.  per 
min.,  I  believe  that  it  is  possible  to  construct  induction 
generators  in  sizes  comparable  with  the  most  efficient 
operation  of  the  turbine,  that  is,  perhaps  20,000  to 
25,000  kw.  at  1800  revolutions,  and  40,000  kw.  at  1200 
revolutions,  for  60-cycle  machines.  We  might  assume 
that  the  same  conditions  hold  in  connection  with  25- 
cycle  generators.  The  efficiency  of  induction  genera- 
tors would  probably  be  about  1  per  cent  lower  than  of 
synchronous  machines. 

In  the  territory  to  be  supplied  by  the  super-power 
system,  power  is  at  present  being  distributed  at  a 
number  of  frequencies,  such  as,  25,  40,  60,  62  J^.  I 
will  not  attempt  to  explain  the  reason  for  these  various 
frequencies,  but  no  doubt  all  of  them  were,  or  seemed, 
justified  when  they  were  adopted.  The  present 
tendency  is  to  standardize  60  cycles,  rather  than  25 
cycles,  since  the  latter  cannot  be  used  for  lighting  and 
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higher  frequency  gives  greater  flexibility  to  the  speed 
of  industrial  motors.  Synchronous  converters  and 
motor-generators  can  more  readily  be  operated  from 
60  cycles  for  transforming  to  direct  current,  than  from 
25  cycles,  since  there  is  greater  choice  in  the  number  of 
poles  of  the  motors.  The  use  of  60  cycles  will  be  a 
handicap  on  the  transmission  line,  but  probably  the 
line  will  be  sectionalized  and  very  long  transmission  of 
power  will  be  the  exception,  rather  than  the  rule,  so 
that  it  is  possible  that  these  inconveniences  may  be 
overcome.  Since  much  machinery  has  to  be  replaced, 
and  a  large  amount  of  new  machinery  added,  and  since 
the  transmission  conditions  would  be  better  at  a  fre- 
quency lower  than  60  cycles,  I  think  it  is  well  to  give 
consideration  to  the  use  of  50  cycles  on  such  a  project. 
This  frequency  is  entirely  satisfactory  for  lighting,  for 
commercial  motors  of  all  sizes,  and  for  almost  all  other 
work,  and  it  would  probably  be  found  that  ultimately 
its  adoption  would  be  a  great  advantage  to  this  country 
conmierciallyj  since  we  should  then  have  what  is  going 
to  be  the  world  frequency  outside  of  the  United  States. 
It  might  be  well  to  consider  the  adoption  of  this  fre- 
quency now,  rather  than  to  let  the  matter  drift  and 
suffer  the  inconveniences  of  the  continued  use  of  a 
frequency  different  from  the  rest  of  the  world,  and 
ultimately  to  find  it  d^irable  to  change  our  standard 
at  much  greater  inconvenience  and  expense  than  if  it 
were  done  now. 

4.  F.  D.  NEWBURY 
Large  A-C.  Generators 

I  have  given  this  subject,  as  presented  in  Mr.  Mur- 
ray's several  letters  and  in  his  paper  printed  in  the 
January  A.  I.  E.  E.  Journal,  careful  consideration. 
I  have  not  been  able  to  give  this  matter  the  time  it 
deserves,  but  trust  the  following  notes  will  give  my 
point  of  view,  in  regard  to  the  generating  end  of  this 
subject. 

The  generating  element  in  the  proposed^^Boston- 
Washington  power  supply  system  does  notj^involve 
anything  new  or  untried.  The  individual  power  sta^ 
tions  need  not,  and  probably  would  not,  be  any^larger 
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than  stations  now  in  operation,  or  under  construction. 
Certainly,  any  probable  station  involved  in  carrying 
out  this  super-power  development  could  be  designed 
with  steam  and  electric  generating  units  of  a  size  now 
available. 

Suppose  we  assume  a  station  of  300,000  kw.  to 
500,000  kw.  total  capacity.  We  have  available  single- 
shaft  generating  units  up  to  40,000  kw.,  with  gen- 
erators of  50,000  kv-a.  capacity.  The  preferred 
speed  for  such  a  unit  would  be  1200  rev.  per  min.,  60 
cycles.  Eight  to  twelve  such  imits  would  give  the 
assumed  total  station  capacity. 

There  has  also  been  developed. and  built  triple-shaft 
cross-compoimd  units  of  60,000  kw.  Five  to  eight 
such  units  would  constitute  as  large  a  station  as  has 
been  suggested.  This  triple-shaft  unit  consists  of 
three  20,000  kw.  turbine  cylinders  and  generators. 
There  is  one  high  pressure  element  at  1800  rev.  per 
min.  and  two  low  pressure  elements  at  1200  rev.  per 
min. 

All  of  the  generating  units  referred  to  are  actually 
conservative  in  size,  and  by  no  means  represent  the 
largest  units  of  the  speeds  in  question  that  could  be 
designed.  Information  concerning  this  latter  point  is 
given  in  the  recent  papers  by  Esldl  Berg  and  J.  L. 
Johnson,  on  Steam  Turbines,  and  the  writer  on  the 
subject  of  Turbo  Generators. 

As  regards  the  general  subject  of  the  single  source 
of  power  supply  within  the  zone  outlined,  I  believe 
that  the  scheme  will  have  to  be  developed  by  building 
up  local  central  stations.  It  would  seem  that  the 
greater  part  of  the  gain  in  economy  can  be  seciu^ 
if  all  the  power  requirements  of  the  given  local  terri- 
tory, such  as  Boston  or  New  York,  or  Philadelphia, 
or  Baltimore,  were  supplied  from  local  central  sta- 
tion systems.  The  problem  of  connecting  up  such 
local  systems  in  one  super-power  scheme  and  inter- 
changing power  in  both  directions  from  each  local 
system  presents  a  problem  of  considerable  engineering 
difficulty,  and  questionable  economic  advantage  in 
the  present  state  of  the  art,  and  in  the  present  state  of 
central  station  development.    There  remains  so  much 
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to  be  done  in  developing  each  local  territory  that  it 
would  seem  wisest  to  carry  this  on  before  attempting 
linking  up  several  local  power  systems. 

5.  W.  B,  POTTER 

Heavy  Traction  Locomotives 

The  suggested  system  of  interconnected  economic 
power  generation  and  distribution  throughout  the 
proposed  super-power  zone  should  adequately  and 
advantageously  provide  for  the  electric  operation  of  the 
railways  within  this  zone,  as  well  as  for  the  power 
required  for  industrial  and  other  purposes.  The  elec- 
trification of  these  railways  would  not  only  insure  a 
substantial  reduction  m  the  amount  of  coal  otherwise 
consumed  by  the  steam  locomotives,  but  would  also 
materially  reduce  the  cost  of  maintaining  the  motive 
power  units.  Electrification  would  also  provide  a 
more  reliable  service  for  all  classes  of  traffic  and  be  a 
welcome  improvement  to  the  traveler  as  passenger 
trains  would  be  less  frequently  late,  especially  during 
the  winter.  The  colder  the  weather  the  greater  is  the 
reserve  power  of  the  electric  locomotive,  which  is  a 
much  better  characteristic  than  that  of  the  steam 
locomotive  whose  power  under  similar  conditions  is 
correspondingly  diminished. 

There  are  numerous  illustrations  of  electric  operation, 
which  are  comparable  to  the  service  within  the  zone 
under  consideration,  as  well  as  many  other  examples 
of  railway  electrification  throughout  the  country  and 
abroad,  which  afford  conclusive  evidence  as  to  the 
successful  operation  of  railways  with  electric  power. 
In  fact,  a  large  number  of  railway  electrifications  are 
already  embraced  within  the  limits  of  the  proposed 
zone,  and  while  they  do  not  represent  a  large  proportion 
of  the  total  mileage,  their  traffic  statistics  are  available 
and  can  readily  be  studied  as  a  basis  for  determining 
the  demands  of  the  whole  area.  A  tabulation  of  these 
electrifications  shows  that  in  this  area  there  are  already 
380  miles  of  electric  route,  embracing  1450  miles  of 
single  track  and  operating  230  electric  locomotives  and 
about  1000  motor  cars  for  multiple  unit  suburban 
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service.    A  table  showing  the  data  of  the  various  roads 
embraced  in  this  statement,  is  presented  herewith. 


TABLE  I 
Steam  Railroad  Electrification  in  the  Super-Power  Zone 


Railroads 

Date  of 
electri- 
fication 

Route 
MUes 

Total 

mi.  of 

track 

No. 
Of 

locos. 

Motor 
Oars 

Bait.  &  Ohio  R.  R 

1895 
1905 
1906 
1906 
1907 
1910 
1911 
1912 
1915 

3.6 
88.63 
54.00 
74.60 
81.63 
18.73 

7.97 
18.23 
30.5 

8. 

218. 

258. 

150.26 

527.49 
97.49. 
21.50 
54.41 

116.3 

9 
0 

73 

0 

106 

33 
7 
1 
0 

229 

0 

N.  Y.  O.  &H.  R.  R.  R 

W.  J.  &  Seashore  R.  R 

N.Y.N.  H.  &H.  R.  R 

Penn.  R.  R.  (New  York) 

Boston  &  Maine  R.  R 

N.  Y.  West  &  Boston 

Penn.  R.  R.  (Phila.) 

477 

221 

109 

27 

8 

0 

40 

115 

377.89 

1451.45 

997 

In  order  to  obtain  a  general  picture  of  the  railroad 
traffic  which  would  be  affected  by  the  power  supply  of 
the  super-power  zone,  we  have  made  a  study  of  the 
traffic  conditions  of  the  territory  covered  by  the  zone. 
In  making  this  study,  we  have  taken  data  from  the 
Operating  Reports  of  the  United  States  Railroad 
Administration,  extending  over  the  months  of  1919.  for 
which  comparable  figures  are  available. 

The  reports  of  the  Railroad  Administration  do  not 
give  separate  traffic  statistics  of  the  various  divisions 
of  the  roads  embraced  in  their  report,  and  there  is 
necessarily  some  uncertainty  in  estimating  the  portion 
of  each  road  and  the  traffic  which  would  be  embraced 
in  the  zone.  We  have  tabulated  the  mileage  of  those 
divisions  of  each  road  which  would  presumably  be 
included  in  the  proposed  super-power  zone,  thus  deter- 
mining the  percentage  of  the  total  mileage  of  that  road 
lying  within  the  zone.  This  percentage,  or  ratio,  we 
have  appUed  to  all  other  data  of  the  road  in  order  to 
determine  the  traffic  within  the  zone.  This  factor, 
therefore,  determines  the  number  of  locomotives,  the 
amount  of  traffic  which  would  be  handled  electrically 
instead  of  by  steam,  and  the  tonnage  of  coal  which 
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would  be  replaced  by  electric  power.  In  view  of  these 
assumptions  as  to  probable  area  of  the  super-power 
zone  and  the  amount  of  included  traffic,  the  estimate 
as  given  can  only  be  an  approximation. 

As  the  detailed  figures  obtained  from  the  Operating 
Reports  do  not  apply  to  switching  service,  we  have 
added  20  per  cent  to  the  mileage  and  tonnage  to  cover 
switching  service,  and  as  the  power  requirements  per 
ton-mile  for  switching  are  approximately  double  those 
for  main  line  service,  we  have  added  40  per  cent  to 
cover  the  coal  consumed  in  the  switching. 

On  this  basis  we  estimate  that  the  railroad  traffic  in 
the  region  covered  by  the  zone  can  be  represented, 
approximately,  by  the  following  table: 

TABLE  II 

Railroad  TraflDc  in  the  Super-Power  Zone  (Passenger,  Freight  and 

Switching) 

Miles  of  route 12.000 

Miles  of  single  track 30.000 

Locomotives  in  servioe 8.100 

Locomotive  miles  annually 185.000.000 

Gross  ton  miles  lumually.  including  main  line  and  switch- 
ing movements  of  passenger  trains,  freight  trains  and 

locomotives 170.000,000,000 

Tons  of  coal  consumed  annually 21.000.000 

Considering  railway  electrification  broadly  through- 
out the  whole  country  and  including  only  those  lines 
which  handle  freight  and  passenger  service  with  electric 
locomotives,  we  find  there  are  about  700  electric  loco- 
motives operating  over  5000  miles  of  route. 

There  have  been  some  data  published  on  the  results 
of  heavy  electrification.  The  papers  to  which  we 
would  particularly  refer  are, — 

Murray — Electrification  Analyzed  and  its  Practical 
Application  to  Trunk  Line  Roads.  Trans.  A.  I.  E.  E., 
Vol.  XXX,  1911. 

Cox — Electrical  Operation  of  the  Butte,  Anaconda  Ssf 
Pacific:  Rwy.  TRANS.  A.  I.  E.  E.,  Vol.  XXXIII,  Sept. 
1914. 

Beeuwkes — "Operating  Results  from  the  Electrifica- 
tion of  the  Trunk  Line  of  the  C.  M.  &  St.  P.  Ry." 
New  York  Railroad  Club—  March  16, 1917. 

From  data  available,  it  w  ould  appear  that  the  Ioxl- 
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miles  moved  by  %]^  pounds  of  coal  in  a  steam  locomotive 
is  approximately  equal  to  that  which  can  be  moved  by 
one  kilowatt-hoiu"  delivered  from  the  power  station. 
Applying  this  ratio  to  the  last  item  in  Table  No.  2, 
the  electric  energy  required  to  handle  the  traffic  now 
handled  by  the  21,000,000  tons  of  coal  to  steam  loco- 
motives would  be  approximately  6,500,000,000  kw-hr. 

If  we  assume  40  watt-hours  per  ton-mile  at  the  power 
station,  which  checks  fairly  with  the  records  of  a  mixed 
service  of  main  line  and  switching,  the  total  energy  for 
moving  the  assumed  traffic  of  170,000,000,000  ton- 
miles,  would  be  approximately  6,800,000,000  kw-hr. 

The  actual  requirements  would,  however,  be  some- 
thing less.  It  has  been  estimated  that  of  all  the  ton- 
nage moving  over  the  railroad,  approximately  12  per 
cent  is  taken  up  with  the  movement  of  railroad  coal  to 
points  of  distribution,  including  a  second  movement  of 
the  same  coal  in  the  locomotive  tenders.  Making  an 
allowance  for  railroad  coal  that  would  still  be  required, 
a  reduction  of  10  per  cent  would  seem  a  fair  estimate. 
This  would  correspondingly  reduce  the  yearly  power 
requirements  to  about  6,000,000,000  kw-hr. 

On  the  basis  of  probable  load  factor,  this  would  call 
for  about  1,250, 000-kw.  of  power  station  equipment. 

Conclusions 

The  conclusions  to  which  this  discussion  point  may 
be  summarized  as  follows  : 

1.  Of  the  whole  mileage  included  in  the  zone,  a  not 
very  large  proportion  has  been  electrified,  but  main  line 
electrifications  now  in  operation  are  of  sufficient  extent 
and  carry  tonnage  of  a  character  to  present  data  which 
can  be  fairiy  applied  to  the  traffic  of  the  whole  district. 

2.  The  traffic  within  the  zone  now  handled  by  steam 
locomotives,  if  handled  electrically,  would  require  an 
average  output  of  less  than  750,000  kw.  and  if  produced 
entirely  by  coal-burning  electric  power  stations,  would 
reduce  the  coal  requirement  for  transportation  pur- 
poses from  21  million  tons  to  7  million  tons  annually. 

3.  As  a  certain  proportion  of  the  electric  power  will 
be  produced  from  hydraulic  power  stations,  this  coal 
requirement  will  be  reduced  in  proportion  as  advantage 
is  taken  of  hydraulic  operation. 
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4.  The  reduction  in  cost  of  maintaining  the  motive 
power  unit^  would  be  a  large  amount  which  estimated 
from  the  locomotive  mileage  would  be  in  the 
order  of  $15,000,000  or  more,  annually. 

6.  PHILIP  TORCHIO 

Role  of  Water  Power  and  Coal  in  Super-power 

Systems 

Summary.  A  review  of  the  resources  and  consumption 
of  coal  and  the  availability  of  potential  water  powers  in 
the  United  States  shows  that: 

1.  The  Western  States  (Mountain  and  Pacific)  have 
resources  in  both  coal  and  water  powers  to  meet  in- 
definitely all  their  heat  and  power  requirements  from 
either  source  of  supply;  the  potential  water  powers 
alone  being  large  enough  to  supply  over  six  times  all 
heat  and  power  requirements  of  1915. 

2.  The  other  states,  with  corr^ponding  heat  and 
power  requirements  40  times  greater  than  the  Western 
States,  have  actually  smaller  resources  in  coal  and 
potential  water  powers,  the  latter  capable  of  supply- 
ing only  8  per  cent  of  their  total  heat  and  power  re- 
quirements. It  follows  that  these  states  must  indefi- 
nitely, so  far  as  present  human  knowledge  can  foresee, 
depend  upon  the  use  of  coal  to  supply  the  great  bulk 
of  these  needs. 

3.  These  states,  comparatively  so  deficient  in 
water  powers,  consumed  in  1915,  528,000,000  tons  of 
coal,  about  one-half  for  generating  power  and  one- 
half  for  generating  heat.  They  obtained  an  average 
eflBciency  from  coal  of  5  per  cent  for  the  power  and  50 
per  cent  for  the  heat.  With  present  methods  of  gen- 
erating power  in  large,  modem  central  stations  the 
eflBciency  from  coal  has  been  raised  to  19  per  cent.  If 
all  the  power  had  been  so  generated,  the  coal  saving 
would  have  amounted  to  185,000,000  tons  and  the 
railroads  relieved  of  two  thirds  of  this  kind  of  freight. 

4.  As  the  investment  cost  of  a  steam  plant  is  only 
about  one-third  or  one-quarter  that  of  a  waterpower 
development  with  its  transmission  connections  and 
steam  reserve,  and  as  all  other  items  of  investment  for 
the  electrification  of  industrial  plants  would  be  the 
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same  with  power  generated  either  by  steam  or  water- 
falls, it  follows  that  every  dollar  invested  in  modem 
steam  plants  will  make  available  several  tinies  more 
power  for  the  industries  than  a  dollar  invested  in 
hydroelectric  plants. 

5.  The  offset  for  the  greater  overhead  charges  of 
hydroelectric  power  is  the  saving  in  coal.  The  value 
of  this  saving  will  be  more  or  less,  according  to  whether 
the  power  is  used  more  or  fewer  hours  every  day  of  the 
year,  and  according  to  the  unit  price  of  coal. 

Under  American  conditions,  the  value  of  coal  saving 
derived  from  the  use  of  water  power  is  usually  smaller 
than  the  difference  in  overhead  charges  between  steam 
plants  and  hydro-plants,  except  in  cases  where  the 
power  is  used  continuously  every  hour  of  the  year,  or 
where  the  development  is  connected  to  a  large  steam 
power  system  which  will  absorb  the  entire  possible 
output. 

6.  With  certain  industries  like  electro-chemical 
pr  ocesses  and  therefining  of  metals,  using  immense 
amounts  of  powercontinuously,  the  net  cost  of  hydro- 
electric power  may  be  considerably  less  than  steam 
power.  There  is  a  great  advantage  to  the  whole 
Nation  of  devoting  as  much  as  possible  of  the  eco- 
nomical water  powers,  particularly  those  which  are 
continuous  or  nearly  so  and  those  without  regulatory 
daily  storage  to  intensify  the  development  of  these 
industries  which  can  prosper  and  render  their  full  ben- 
efit  to  the  Nation  only  under  conditions  of  mass  pro- 
duction and  most  favorable  cost  of  power. 

7.  In  considering  the  technical  and  practical  fea- 
tures of  the  special  problem  affectmg  all  the  states 
(exclusive  of  the  Western  States)  having  insufficient 
potential  water  power  to  meet  their  present  and 
larger  future  demands,  emphasis  should  be  laid  on  the 
importance  of  concentrating  the  national  efforts  to 
secure  the  largest  possible  coal  savings  in  co-ordinat- 
ing modern  methods  of  power  generation  by  steam. 
Heavy  losses  would  follow  a  policy  of  handicapping 
these  developments  by  any  method  of  water  power 
development  which  would  involve  diverting  from  them 
the  few  but  most  economical  large  commercial  loads, 
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and  duplication  of  plant  and  substitution  of  water 
power,  and  relegating  the  steam  plants  to  supply  the 
larger  in  aggregate  but  less  desirable  loads  of  small 
commercial  and  domestic  services,  with  poor  utiliza- 
tion of  the  apparatus  on  accoimt  of  low  average  use 
of  power  each  day  during  the  year. 

Where  water  powers  are  used  as  auxiliaries  to  gen- 
eral power  distribution  systems,  the  most  economical 
conditions  for  both  steam  and  hydroelectric  generation 
can  be  fulfilled  only  where  a  relatively  small  propor- 
tion of  the  installed  generating  capacity  is  hydro- 
electric. 

8.  These  conclusions  would  not  apply  to  the  Moun- 
tain and  Pacific  States,  where  the  potential  water 
powers  are  enormous  and  of  cheaper  development  and 
can  be  depended  upon  to  furnish  all  local  power  re- 
quirements to  a  very  distant  future. 

The  Utilization  op  Water  Powers  as  a  Measure 

OP  Fuel  Conservation 

The  harassing  experiences  of  coal  famines  have 
brought  forth  rei>eatedly  pressure  that  immediate 
efforts  be  directed  to  the  development  of  the  poten- 
tial water  powers  of  the  coimtry.  While  from  the 
general  standpoint  of  conserving  the  national  coal 
resources  the  proposition  deserves  the  most  favorable 
consideration,  it  is  questionable  whether  quicker  and 
greater  results  could  not  be  obtained  by  concentra- 
ting the  effort  upon  improving  and  changing  waste- 
ful methods  of  utilizing  coal. 

This  we  shall  discuss  under  two  main  headings,  one 
surveying  the  value  of  "Potential  Water  Powers  as 
Sources  of  Saving  Fuel;"  the  other  reviewing  the 
"Technical  and  Practical  Features  Attending  the 
Utilization  of  Water  Powers;"  so  that  with  the  aid  of 
the  first  survey  we  may  arrive  at  a  clear  imderstanding 
of  the  logical  lines  of  development  and  application  of 
potential  water  powers  for  the  best  interests  of  the 
Nation. 

1.  Potential  Water  Powers  as  Sources  of  Saving  Coal. 

In  order  to  appreciate  the  situation  with  respect  to 
utilization  of  waterpower,  it  may  not  be  amiss  to  give 


134  W.  S.  MURRAY  [Feb.  19 

a  bird's-eye  view  of  the  supply  and  consumption  of 
coal  by  classes  and  territories  and  the  relation  which 
the  potential  water  powersbear  to  the  amount  of  coal 
used  in  the  United  States. 

In  Table  I  are  given,  in  detail,  for  the  year  1915, 
the  amount  of  coal  consumed  under  the  two  main  classi- 
fications of  coal  used  for: 

Primary  power 267,000,000  tons: 

Heating 275,000,000      « 

Total 542,000,000       « 

On  the  basis  of  estimates  made  by  the  United  States 
Geological  Survey,  and  assuming  that  only  about  60 
per  cent  of  the  total  supply  will  be  recoverable,  we 
find  that  the  present  supply  of  coal  in  the  United  States, 
exclusive  of  Alaska,  if  consumed  at  the  rate  of  the  1915 
yearly  consumption,  will  last  four  thoiLsand  years.  The 
supply  in  the  Western  States  amounts  to  about  two- 
thirds  of  the  total  of  the  United  States,  exclusive  of 
Alaska.  The  supply  in  the  remaining  states,  if  con- 
sumed at  the  1915  rate  of  about  500,000,000  tons  per 
year,  would  last  one  thousand  years.  The  greatest 
shortage  is  in  the  supply  of  anthracite,  which,  if  con- 
sumed by  the  anthracite  using  states  at  the  rate  for 
1915,  would  last  only  one  hundred  years.  In  any  case, 
therefore,  the  saving  of  coal  during  one  generation  is 
not  of  vital  importance. 

This  disposes  of  the  immediate  urgency  of  consider- 
ing the  conservation  of  coal  per  se,  at  least  for  the  time 
being,  while  more  pressing  subjects  demand  attention. 
The  vital  importance  in  conserving  railroad  facilities, 
need  not  be  considered  provided  similar  coal  savings 
are  made  by  one  means  or  another. 

The  next  point  to  visualize  is  the  relation  between 
the  national  coal  requirements  and  the  extent  to  which 
they  could  be  supplied  by  the  utilization  of  water 
powers  in  place  of  coal.  We  find,  using  Table  I,  that 
the  542,000,000  tons  of  coal  produce  a  total  energy 
figured  in  terms  of  million  British  thermal  units  of 
3,908,320,000  units, 

121,620,000  in  the  Western  States,  and 
3,786,700,000  in  all  other  states. 
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K  all  the  water  powers  of  the  country  were  utilized 
they  could  replace  1,046,000,000  or  27  per  cent  of  the 
above  stated  units,  of  which  are  available 
746,000,000  in  the  Western  States 

=  614  per  cent  of  total  energy  used,  and 
300,000,000  in  all  other  states 

=     8  per  cent  of  total  energy  used. 

The   water   powers   already   developed   represent 
73,900,000  units  of  which 
22,900,000  in  the  Western  States 

=  19    per  cent  of  total  energy  used,  and 
51,000,000  in  all  other  states 

=  1.4  per  cent  of  total  energy  used, 
while  the  Western  States  possess  large  waterpower 
resources  to  furnish  several  times  their  total  power  and 
heat  requirements.  All  other  states,  are  inadequately 
supplied  with  water  powers.  Considering  the  present 
commercial  limitations  of  distances  for  electric  power 
transmission,  they  could  not  receive  assistance  from 
the  excess  water  powers  of  the  Western  States.  Their 
own  water  powers,  even  if  fully  developed,  could  not 
replace  more  than  8  per  cent  of  the  energy  required. 
As  about  one-sixth  of  their  waterpower  is  already 
utilized,  the  balance  would  give  orUy  about  6  per  cent  of 
their  power  and  heat  requirements.  From  this  arises  the 
necessity  of  an  enlightened  national  policy  encouraging 
and  protecting  the  efforts  of  such  industries  as  could  be 
instrumental  in  realizing  savings  of  coal  with  all  other 
incidental  economies. 

While  the  resources  of  these  states  are  very  great,  the 
coal  consumption  has  been  steadily  increasing  from 
year  to  year  at  the  rate  of  about  10  per  cent,  and  if  this 
increase  continues,  even  the  present  immense  reserve 
would  be  exhausted  in  a  small  fraction  of  the  1000 
years,  without  large  water  power  resources  to  fall  back 
upon  in  a  future  not  distant  as  measured  by  the  life  of 
nations. 

Coal  is  used  to  produce  either  primary  power  or 
heating. 

Referring  to  Table  I  we  find  that  all  of  the  coal  used 
in  the  United  Stated  approximately  one-half  is  for  pro- 
ducing power  and  one-half  for  producing  heat. 
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We  find  further  that  in  producing  power  only  about 
5  per  cent  of  the  total  energy  in  the  coal  is  utilized, 
while  in  producing  heat  about  50  per  cent  is  utilized. 
(These  figures  do  not  take  into  account  additional 
losses  met  in  the  transmission  and  utilization  of  power 
or  heat,  as  the  case  may  be). 

It  is  evident  from  these  figures  showing  the  low 
economy  of  coal  for  producing  primary  power  that  in 
this  field  the  utilization  of  water  powers  would  produce 
the  greatest  savings  in  coal. 

The  economic  value  of  water  powers  in  conserving 
coal  resources  is  therefore  manifest,  but  one  of  the 
questions  to  be  considered  is  whether  at  the  present 
time  quicker  and  greater  results  could  not  in  most  in- 
stances be  obtained  by  the  alternative  proposition  of 
securing  equivalent  or  even  greater  economies  through 
improvements  in  present  methods  of  generating  power 
or  heat  from  coal. 

Analyzing  the  classified  means  of  power  production 
by  services,  we  find  that  central  stations  and  electric 
railways  realize  the  highest  efficiency  from  coal,  while 
all  other  classes  of  steam  power  producers  obtain  from 
coal  about  one-half  as  much  as  the  central  stations. 
Furthermore,  with  modem  equipment  the  central  sta- 
tions could  obtain  nearly  twice  as  much  work  per 
pound  of  coal  as  the  present  average  from  their  existing 
equipments.  By  supplying  with  electric  power  all 
railroads  and  industries  using  steam  power  this  could 
be  done,  if  generated  by  modem  equipment  in  central 
stations,  for  about  one-third  the  present  consumption 
of  coal.  The  total  saving  would  represent  185,500,000 
tons  of  coal,  and  the  railroads  would  be  relieved  of 
two-thirds  of  this  kind  of  freight. 

To  realize  these  coal  economies,  it  would  be  neces- 
sary to  make  investments  for  new  steam  or  hydraulic 
generating  equipment  to  replace  the  discarded  existing 
steam  locomotives  on  railroads  and  steam  engines  in 
private  plants.  In  all  other  cases,  with  the  exception 
of  11,000,000  horse  power  in  existing  private  plants 
which  already  generate  electricity  for  their  operation, 
it  would  be  necessary  to  introduce  a  universal  electri- 
fication of  services,  substituting  electric  motors  for 
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mechanical  drive  in  plants  and  electric  locomotives  on 
railroads. 

In  ultimate  analysis,  each  individual  case  would 
have  to  be  studied  on  its  economic  merits,  but,  aside 
from  many  technical  advantages  which  the  electric 
.  operation  presents  over  the  operation  by  steam,  which 
advantages  may  be  of  greater  importance  than  the 
mere  saving  of  coal,  in  general,  for  a  rough  approxi- 
mation, one  may  assimie  that  a  proposition  for  electri- 
fying an  existing  steam-driven  plant  or  a  steam  rail- 
road will  be  economically  advantageous  or  not  accord- 
ing to  whether  or  not  the  fuel  saved  will  balance  the 
carrying  charges  of  the  cost  of  electrification.  It  will 
appear,  therefore,  that  in  general  the  imit  price  of  fuel 
^p31  be  the  fimdamental  determining  factor  of  the  solu- 
tion. As  an  illustration,  it  has  been  foimd  that  in 
Italy,  where  the  coal  price  before  the  war  was  ten  dol- 
lars per  ton  delivered  to  the  locomotive,  the  saving 
from  electrification  of  two-track  railroads,  with  elec- 
tricity at  1  cent  per  kw-hr.,  balanced  the  extra  carrying 
charges  of  electrification  when  the  roads  consumed 
700  tons  of  coal  per  mile — equivalent  to  $7000  cost  of 
coal  per  mile  of  road. 

I  repeat  that  there  are  many  other  considerations 
to  take  into  accoimt  in  any  specific  problem,  but  the 
broad  fimdamental  principle  holds  that  the  imit  price 
of  fuel  will  determine  the  net  economy  of  transforma- 
tion from  one  power  service  to  another  of  superior  fuel 
economy.  While,  therefore,  by  electrification  of  rail- 
roads and  manufacturing  plants  and  substitution  of 
modem  efficient  apparatus  in  central  stations,  we  could 
today,  reduce  the  yearly  coal  consimiption  for  primary 
power  from  267,000,000  tons  to  82,000,000— a  saving 
of  185,000,000  tons — it  is  doubtful  whether  the  coal 
saving  would  balance  the  carrying  charges  for  the 
extra  investment  required. 

In  different  cases  the  economic  advantages  would 
often  times  be  lacking.  This  would  apply  particularly 
to  many  railroads,  but,  on  the  other  hand,  the  centrali- 
zation of  supply  for  manufacturers  and  isolated  plants, 
mines,  quarries,  etc.,  would  in  the  majority  of  cases 
come  within  economic  limits,  and  the  major  part  of 
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the  indicated  possible  savings  for  these  services  of 
74,300,000  tons  could  be  realized  in  a  relatively  short 
time.  To  accomplish  this  most  economically  the 
central  station  power  imdertakings  already  covering 
the  coimtry  with  a  network  of  transmitting  lines, 
distributing  stations  and  service  lines: 

1.  Should  further  centralize  their  production  and  increase  the 
interconnections  between  their  own  and  neighboring  generating 
plants,  and  possibly  locate  new  plants  in  the  coal  fields  or  at  by- 
product gas  and  coke  works;  and 

2.  Should  install  modem  generating  apparatus  to  obtain  the 
highest  coal  efficiency,  and  operate  tins  new  apparatus  more  or 
less  continuously,  reserving  the  existing  less  economical  equip- 
ment for  operation  during  occasional  short  periods  of  high 
demand  for  power,  such  as  the  evening  hours  of  the  winter 
months.  In  this  manner  the  added  modem  equipment  would 
not  only  serve  to  carry  the  new  load  of  the  industries  transferred 
to  central  station  service,  but  would  also  make  a  large  saving  of 
coal  for  the  existing  load  of  the  central  stations. 

It  is  necessary  that  we  fully  realize  the  importance  of 
this  double  saving  from  the  addition  of  modem  genera- 
ting apparatus  to  existing  steam  central  stations  and 
also  the  fact  that  if  hydraulic  power  be  so  utilized  as  to 
appropriate  the  most  economical  portion  of  the  steam 
central  station  load,  the  operating  costs  of  the  remain- 
ing load  on  these  stations,  which  will  usually  be 
required  to  supplement  the  hydraulic  power,  would 
increase  perhaps  more  than  the  saving  due  to  the  lower 
cost  of  the  hydraulic  power.  In  addition,  the  new 
apparatus  for  a  steam  station  could  be  located  nearer 
to  the  customers  who  are  to  use  the  power,  thereby 
saving  the  cost  and  losses  of  long  transmission  lines, 
and  the  safety  of  operation  and  reliability  of  the  electric 
service  would  be  incomparably  greater  imder  all 
conditions  of  weather  or  season  or  possibility  of 
inimical  interference  with  the  lines. 

In  the  foregoing  we  established  the  facts  that: 

All  potential  water  powers  are  insufficient  to  provide  the  total 
heat  and  power  requirements  of  the  Nation; 

The  shortage  is  particularly  striking  in  the  case  of  the  states 
east  of  the  Mountain  and  Pacific  States,  hence 

The  railroads  and  industries  of  these  Eastern  States  must 
always  depend  largely  for  their  power  upon  coal; 

If,  in  these  states,  steam  central  stations  are  confined  mainly 
to  supplementing  hydraulic  power  from  extensive  hydro-electric 
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systems,  their  power  costs  would  increase,  oifsettixig  the  savings 
from  hydraulic  power; 

If,  on  the  contrary,  central  station  systems,  unified  on  a  large 
scale,  a  scale  commensurate  with  that  which  would  prevail  in  the 
ease  of  hydroelectric  systems,  were  developed  with  modem 
apparatus  and  correlated  with  new  plants  at  coal  fields,  and  by- 
product gas  and  coke  works,  etc.,  the  savings  in  coal  would  in  a 
few  years  fuUy  equal  the  savings  from  the  total  potential  water 
powers  in  the  states  east  of  the  Mountain  and  Pacific  States. 
Incidentally,  these  savings  could  be  realized  with  a  considerably 
smaller  outlay  of  capital  and  within  a  shorter  time  than  that 
required  for  the  hydraulic  development.  Also,  this  program 
would  avoid  duplication  of  plants  and  conserve  an  important 
industry,  already  splendidly  organized  with  plants  and  trained 
men,  all  confirmed  in  the  enthusiastic  faith  that  their  work  is  the 
most  material  and  infiuential  factor  in  the  upbuilding  of  the 
efliciency  of  the  Nation. 

In  this  respect,  after  all  is  said  and  done,  one  must 
admit  that  the  men  who  are  accomplishing  the  most  in 
saving  coal  are  the  central  station  companies  with  their 
power  engineers  and  the  manufacturing  companies 
with  their  motor  salesmen,  who  are  achieving  the  real 
results  by  substituting  the  wasteful  small  plants 
operating  at  5  and  10  lb.  of  coal  per  horse  power-hour 
with  th^  central  station  supply  operating  at  a  coal 
economy  to  save  over  two-thirds  of  the  coal  for  the 
same  service.  It  may  not  be  amiss  to  point  out  that  the 
merits  of  waterpower  or  steam  power  are  of  only  relative 
importance  to  a  public  utility  operating  imder  govern- 
mental regulation.  Once  the  prices  of  service  are 
regulated  upon  the  basis  of  a  reasonable  return  on 
investment  values,  it  will  be  found  that  the  relative 
savings  from  hydraulic  power  over  steam  power  are  of 
very  small  order  as  affecting  the  total  cost  of  service  to 
a  customer.  These  small  differences,  with  a  unified 
system  of  steam-power  generation  as  suggested,  would 
entirely  disappear  for  practically  all  domestic  and 
manufacturing  classes  of  service.  The  only  possible 
exception  would  be  for  those  rare  instances  where  the 
customer  makes  use  of  a  constant  power  almost  con- 
tinuously throughout  the  year. 

This  leads  us  to  the  study  of  the  relative  value  of 
waterpower  and  coal  power  according  to  conditions  of 
use  and  applications.    We  shall  find,  for  instance,  that 
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for  certain  products  which  the  Nation  needs  the  pro- 
ducer must  make  use  of  cheap,  continuous  power,  as 
these  necessities  could  not  be  conmiercially  obtained  in 
competition  with  the  same  products  obtained  by  the 
use  of  coal  or  from  importation  from  other  coimtries, 
except  by  power  at  an  extremely  low  cost.  These 
products,  necessary  to  the  Nation,  consume  in  bulk 
enormous  amounts  of  energy  continuously  throughout 
the  year,  and  to  these  necessities  it  is  obvious  that 
hydraulic  power  could  be  applied  at  greater  advantage 
than  to  almost  any  other  application  which  does  not 
make  a  similar  large  and  continuous  use  of  the  available 
waterpower.  These  technical  and  practical  points  are 
covered  in  the  following  second  i>BTt  of  this  presenta- 
tion. 

II  Technical  and  Practical  Features  Attending  the  Utili- 

zation  of  Water  Powers 

In  normal  times  the  exploitation  of  a  water  power  is 
justifiable  only  when  the  expected  economic  saving 
equals  or  exceeds  the  results  that  could  be  obtained 
from  steam  power.  The  saving  must  also  be  predicated 
upon  the  existence  of  an  assured  market  for  the  sale  of 
the  hydraulic  power  developed.  In  a  few  instances, 
hydraulic  power  has  been  seciu^  as  incidental  to 
improvements  in  navigable  rivers.  It  is  impossible  to 
generalize  and  give  the  value  resulting  from  such  double 
utilization,  but  it  may  be  said  that  none  of  these  im- 
provements has  been  economically  justifiable  piu^ly 
from  the  value  of  the  hydroelectric  power  developed. 

In  general,  in  the  study  of  a  water  power  development 

one  must  consider,  besides  the  costs  of  the  development, 
The  amount  of  water  flow  and  its  variation  at  different 

seasons,  and 

The  maximum  possible  seasonal  and  daily  utilization 

of  the  water  powers  by  the  industries  to  be  served. 

With  the  exception  of  a  few  rivers,  like  those  fed  from 
the  Great  Lakes,  the  water  flow  and  consequently  the 
power  available  for  most  of  the  potential  water  powers 
in  the  United  States  east  of  the  Western  States  is  very 
variable  and  without  facilities  for  building  in  the  moun- 
tain regions  suitable  reservoirs  to  impoimd  the  water 
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ioc  the  low  periods.  This  is  practicable  only  in  situa- 
tions like  those  existing  in  the  West.  On  this  account, 
it  has  been  found  necessary  to  install  in  conjunction 
with  water  powers,  large  auxiliary  steam  plants  to 
supplement  the  deficiency  of  the  water  power  at  times 
of  low  water  flow,  except  in  instances  where  water 
powers  are  used  as  auxiliaries  to  steam  systems  of  rela- 
tively large  capacity. 

The  second  point  imder  consideration,  that  of  daily 
utilization  of  the  power  by  the  industries  served,  is  very 
important  and  is  often  overlooked  by  men  not  familiar 
with  the  operation  of  power  plants.  Only  certain 
special  industries,  like  electrochemical  industries  pro- 
ducing aluminum,  carborundimi,  special  steels,  caustic 
soda,  nitrate,  caldimi  carbide,  etc.,  can  use  available 
power  continuously  every  hour  of  the  day  and  every 
day  of  the  year.  The  average  power  user,  on  the  con- 
trary, utilizes  the  maximimi  power  for,  say,  eight  hours 
a  day  only,  and  more  or  less  irregularly  even  for  that 
period,  with  no  use  on  Simdays,  holidays,  etc.  This 
characteristic  of  individual  users  makes  the  utilization 
of  the  maximimi  available  power  very  low.  By  com- 
bining a  great  nimiber  of  users,  all  supplied  from  one 
power  plant,  the  conditions  are  ameliorated  in  respect 
to  the  utilization  of  the  maximum  power  demand  upon 
the  central  plant,  as  the  resultant  maximimi  demand  is 
considerably  less  than  the  sum  of  the  individual  de- 
mands of  every  user.  This  results  from  the  fact  that 
all  users  do  not  reach  their  maximum  power  demand  at 
the  same  time.  But,  notwithstanding  this  averaging 
of  individual  demands  upon  the  central  plant,  the  net 
utilization  of  the  resultant  maximimi  demand  is  still 
about  eight  hours  a  day  or  2920  hours  out  of  the  possible 
8760  hours  in  a  year.  In  the  case  of  water  power  plants 
without  regulatory  daily  storage:  the  unused  power 
between  2920  and  8760  hours  in  the  year  is  entirely 
wasted. 

Without  further  emphasizing  this  point  of  the  poor 
utilization  of  the  maximum  power  in  communities,  it 
appears  that  where  continuous  water  power  is  available, 
the  greatest  usefulness  is  derived  by  applying  it  first  to 
special  industries  and  processes  which  require  large 
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amounts  of  electric  power  and  can  be  operated  con- 
tinuously, or  nearly  8760  hours  each  year,  so  that  the 
waste  through  unused  power  is  reduced  to  a  minimum. 
If  that  is  not  possible,  then  the  best  means  of  utilizing 
the  water  power  to  the  greatest  advantage  is  to  have  it 
exploited  by  large  power  undertakings  which  can  either 
so  arrange  their  operations  that  they  can  utilize  all  the 
water  power  for  carryingthat  portion  of  their  load  which 
is  nearly  constant  throughout  the  year,  leaving  the 
heavy  season  peak  loads  to  be  supplied  by  their  reserve 
steam  stations,  or  can  otherwise  distribute  the  electric 
power  over  large  territories,  including  cities,  mining 
fields,  agricultural  sections  requiring  electric  pumping 
for  irrigation  and  other  uses,  so  that  the  resultant 
utilization  of  the  water  power  distributed  over  different 
places  and  periods  of  day  or  season  is  high,  and  the 
waste  of  unused  available  waterpower  is  reduced. 
This  method  of  exploitation  is  economically  feasible 
only  where  the  price  of  coal  is  relatively  high. 

In  the  case  of  water  powers  with  variable  flow, 
presenting  large  variations  between  minimum  and 
maximum  available  water  power,  the  necessity  for 
extensive  operation  of  auxiliary  steam  plants  greatly 
reduces  the  economic  value  of  the  hydro  development 
as  an  independent  source  of  power,  a  condition  which 
exists  with  most  potential  water  powers  of  rivers  east 
of  the  Pacific  States,  where  impounding  of  water  is 
usually  impracticable.  Economic  utilization  of  such 
water  powers  is  frequently  contingent  upon  their  use 
in  connection  with  steam  power  systems  so  large  that 
the  water  power  is  a  relatively  small  proportion  of  the 
total. 

The  economic  value  of  a  potential  water  power  is 
calculable  by  comparing  the  investment  and  operating 
costs  of  the  water  development,  plus  the  steam  plant 
reserve  when  required,  with  the  cost  of  an  equivalent 
steam  plant  or  plants.  If  the  power  is  not  to  be  util- 
ized in  situ  and  must  be  transmitted  over  long-dis- 
tance transmission  lines,  the  cost  of  these  lines  and  the 
cost  of  their  maintenance  and  operation  must  be  added 
to  the  cost  of  water  power. 

To  visualize  the  relative  values  of  water  powers 
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under  different  conditions  of  water  flow  and  utiliza- 
tion of  power,  we  may  make  a  few  comparisons  to  ap- 
proximately cover  conditions  existing  in  different 
localities.  As  costs  figures  for  present  prices  are  lack- 
ing I  have  used  pre  war  prices. 

To  arrive  at  a  basis  for  comparing  costs,  we  have 
reviewed  several  existing  hydroelectric  developments 
and  found  that  the  costs  per  kilowatt  maximum  of  power 
development  were  as  follows: 

One  case — continuous  power         =  $167 
One  case—        «  «        .     =  $198 

One  case — ^non-continuous  power  =  $188 
One  case—  «  «      =  $238 

One  case—  «  «      =  $222 

The  costs  of  these  developments  would  be  jnateri- 
ally  higher  under  present  prices  of  labor  and  materials, 
but  I  shall  neglect  this  feature  and  assume  a  cost  of 
$180  per  kw.  maximum— a  figure  smaller  than  the 
average  of  the  above  five  costs — ^and  also  neglect  the 
extra  cost  for  transmission  lines  where  required.  We 
shall  also  assume  the  low  rate  of  83^  per  cent  for  inter- 
est, taxes  and  up-keep. 

On  the  other  hand,  for  the  cost  of  steam  plants,  I 
shall  assume  $60  per  kw.  maximum — as  the  corres- 
I>onding  cost  before  the  war — ^and  the  rate  of  11  per 
cent  for  interest,  taxes  and  up-keep. 

The  estimates  for  six  illustrations  are  based  in  each 
case  on  the  development  of  a  100,000-kw.  plant.  In 
the  several  cases  the  plant  investments  were: 

Hydro  without  steam  auxiliary $18,000,000 

Hydro  with -50  percent  steam  auxiliary  21,000,000 

Hydro  with  100  per  cent  steam  auxiliary  24,000,000 

All  steam 6,000,000 

These  figures  clearly  illustrate  the  point  that  for 
the  same  amount  of  power  the  hydroelectric  develop- 
ment requires  several  times  the  capital  outlay  of  an 
equivalent  steam  plant. 

From  the  detailed  estimates  of  power  costs  I  have 
abstracted  the  results  in  the  following  tables  of  com- 
parison. 
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Before  proceeding  with  the  presentation  of  these 
comparisons,  it  may  perhaps  be  well  to  caution  the 
reader  that  the  figures  apply  to  the  increment  costs 
of  securing  power  from  new  plants  imder  the  condi- 
tions given  in  the  assumptions,  and  would  not  apply, 
for  instance,  to  the  cost  of  power  from  the  average 
steam  station  operating  apparatus  considerably  more 
expensive  and  less  efficient  than  large  turbo  units  of 
modem  design. 

It  may  also  not  be  amiss  to  state  here  that  the  steam 
central  station  industry  has  made  almost  revolutionary 
progress  in  raising  the  efficiency  to  a  maximum  of 
about  19  per  cent  of  the  energy  in  coal,  while  older  plant 
and  the  average  isolated  plant  of  today  utilize  less  than 
6  per  cent.  It  is  also  reasonable  to  expect  that,  with 
time,  still  further  progress  will  be  made. 

On  the  other  hand,  in  the  case  of  water  powers,  hy- 
draulic plants  have  started  with,  say,  80  per  cent  re- 
covery of  the  potential  energy,  and  efficiencies  of  even 
90  per  cent  have  been  reached  so  that  no  material 
progress  may  be  expected  in  increasing  the  efficiency 
of  hydraulic  plants. 

As  a  corollary  to  these  considerations,  it  follows  that 
with  the  free  play  of  economic  laws  in  industry,  every- 
one must  recognize  the  latent  weakness  of  extensive 
water  power  development,  except  under  the  most  fav- 
orable conditions  of  cost  of  development,  marketa- 
bility of  product  and  liberal  terms  of  water  grant. 

The  following  tables  give  comparisons  of  the  relative 
values  of  hydroelectric  and  steam  power  for  a  number 
of  specific  conditions  of  service  which  cover  all  possible 
ranges  of  conditions  that  may  exist  for  different  situa- 
tions of  power  production  from  very  large  plants 
equipped  with  modem  apparatus. 

I  again  note  that  the  costs  given  are  only  theoretical 
relative  increment  costs  based  on  pre-war  prices  of 
plant  installation  and  operating  labor.  Actual  costs 
were  higher  before  the  war  and  would  be  considerably 
higher  at  present  both  for  hydroelectric  as  for  steam 
power,  but  relatively  higher  for  hydroelectric  on 
account  of  greater  investment  charges. 
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I.   WATBB  POWER  OONTINU0U8--33J  PER  CENT 

Yearly  Use  of  Kw.  Maximum  demand  -*  2920  Hours — Auxiliary 
Steam  Plant  GO  Per  Cent  of  Oai>acity  of  Hydro  Plant. 


Hydroelectric 

Hydro  with  50  per  cent 

steam 

All  steam 


Cents  per  kw-hr.  for  coal  at 


$1  per  ton   $2  per  ton   $4  per  ton   S6  per  ton 


0.504  cent 

0.701 
0.393 


0 .  504  cent 

0.711 
0.460 


0 .  564  cent 

0.731 
0.593 


0 .  564  cent 

0.751 
0.727 


XL  WATER  POWER  CONTINUOUS— 66 1  PER  CENT 

Average  Yearly  Use  of  Kw.  Maximum  Demand — 5840  Hours — Auxiliary 
Steam  Plant  50  Per  Cent  of  Capacity  of  Hydro  Plant.  Similar  estimates 
Have  Been  Made,  from  Which  We  Abstract  the  Results  Comparing  the 
Yearly  Unit  Costs  and  Cents  Per  Kilowatt  Hour  for  the  Different  Sources 

of  Power. 


Cents  per  kw-hr.  for  coal  at 

$1  per  ton 

$2  per  ton 

$4  per  ton 

S6  per  ton 

Hydro-electric 

0.297  cent 

0.367 
0.250 

0.297  cent 

0.372 
0.316 

0.297  cent 

0.382 
0.450 

0 .  297  cent 

Hydro  with  50  per  cent 
steam 

0.392 

A|i  steam 

0.584 

III.  WATER  POWER  CONTINUOUS— 91  PER  CENT 

Average  Yearly  Use  of  Kw.  Maximum  Demand  =  8000  Hoiuv.  In  this 
Case,  as  the  Power  is  Practically  Used  Continuously.  We  Assume  that. 
when  Transmitted  to  Long  Distances,  it  Will  Require  a  100  Per  Cent 
Reserve  Steam  Station — Instead  of  the  50  Per  Cent  Assumed  in  the  Two 

Previous  Cases. 


Cents  per  kw-hr.  for  coal  at 

SI  per  ton 

$2  per  ton 

$4  per  ton 

S6  per  ton 

Hydro-electric 

0.218  cent 

0.298 
0.199 

0.218  cent 

0.302 
0.265 

0.218  cent 

0.322 
0.398 

0.218  cent 

Hydro  with  100  per  cent 
iiteam 

0.329 

All  steam 

0.530 

In  the  case  of  water  power  with  variable  flow,  a  con- 
dition prevailing  on  almost  all  rivers  except  those  fed 
from  the  Great  Lakes,  we  find  that  it  is  necessary  to 
install  a  100  per  cent  steam  plant  auxiliary  for  carrying 
the  deficiency  of  low  water  flow  and  as  a  reserve  against 
interruptions  of  transmission  lines  if  the  water  power  is 
utilized  at  considerable  distance  from  the  power  plan^ 
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The  amount  of  energy  output  required  from  the 
auxiliary  steam  station  depends  upon  the  load  factor  of 
the  system  and  the  period  of  drought  on  the  hydro 
plant.  For  average  conditions  we  obtain  the  following 
comparative  results  for  similar  conditions  of  service  as 
figured  in  the  case  of  a  constant  water  flow. 

IV.  WATER  POWER  VARIABLE  PLOW— 33 i  PER  CENT 

Average  Yearly  Um  of  Kw.  Maximum  Demand  »  2020  Hours  (2190  W.P 
— 730  Steam) — 100  Per  Cent  Reserve  Hteam  Station. 


Gents  per  Icw-hr.  for  coal  at 

$1  per  ton 

$2  per  ton 

$4  per  ton 

$6  per  ton 

Hydro  with  100  per  cent 
steam ^ .,,.,,, . 

0.825  cent 
0.393 

0.841  cent 
0.460 

0.876  cent 
0.594 

0  910  cent 

All  fiteam 

0.726 

v.— WATER  POWER  VARIABLE  PLOW— 66|  PER  CENT. 

Average   Yearly    Use   of   Kw.  Maximum  Demand  <=■  5840  Hours  (4380 
W.  P. — 1460  Steam) — 100  Per  Cent  Reserve  Steam  Station. 


Cents  per  kw-hr.  for  coal  at 

$1  per  ton 

$2  per  ton 

$4  per  ton 

$6  per  ton 

Hydro  with  100  per  cent 
steam 

0 .  448  cent 
0.250 

0 .  465  cent 
0.317 

0 .  499  cent 
0.450 

0.532  cent 

All  St^MMll 

0.585 

VI— WATER  POWER  VARIABLE  PLOW— 91  PER  CENT 

Average  Yearly  Use  of  Kw.  Maximum  Demand  =  8000  Hours  (60(X) 
W.  P.  — 2000  Steam) — 100  Per  Cent  Reserve  Steam  Station. 


Hydro  with  100  per  cent 

steam 

All  steam 


Cents  per  kw-hr.  for  coal  at 


$1  per  ton 


0.341  cent 
0.199 


$2  per  ton 


0.356  cent 
0.265 


S4  per  ton 


0.386  cent 
0.399 


$6  per  ton 


0.416  cent 
0.530 


Under  present  prices  these  estimated  costs  would  be 
larger.  This  would  influence  especially  the  overhead 
charges  for  plants,  which  would  make  the  relative 
increases  larger  for  hydroelectric  than  for  steam  power. 
It  appears  from  these  comparisons  that  hydroelectric 
power  offers  material  advantages  only  when  it  is  con- 
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tinuous  and  is  so  used,  but  that,  on  the  other  hand,  the 
cost  of  steam  power  is  less  than  that  of  hydroelectric 
power  for  ordinary  conditions  of  service,  load  factors 
and  price  of  coal.  For  such  conditions  it  may  also  be 
noted  that  even  relatively  large  diifferences  in  unit  cost 
are  of  a  trifling  amount  in  comparison  with  the  total 
cost  of  service  including  all  other  items,  common  both 
to  steam  as  well  as  to  hydroelectric  power,  covering 
costs  of  transmission,  distribution,  metering,  billing, 
etc. 

Recognizing  these  economic  conditions,  it  becomes 
evident  that  in  shaping  the  policies  of  utilization  of 
potential  water  powers  to  the  best  end  of  preserving 
investment  and  conserving  fuel  resoim^es,  hydroelectric 
developments  yielding  relatively  large  amounts  of 
continuous  power  should  be  co-ordinated  primarily  to 
supply  energy  for  the  production  of  products  which 
require  large  amoimts  of  continuous  power  such  as  can 
best  be  generated  from  water  powers.  Following  this 
policy,  it  is  conceivable  to  see  large  centers  of  electro- 
chemical industries  developed  in  a  not  distant  future  to 
produce  nitrates  for  chemicals,  munitions  and  agricul- 
tural fertilizers,  caustic  soda,  electrolytic  copper,  elec- 
trolytic zinc,  aluminimi,  calciimi  carbide,  carborundum, 
graphite,  etc.  As  for  other  applications,  while  today 
it  may  appear  visionary  to  state  that  eventually  no 
steel  will  be  produced  without  passing  through  the 
electrical  refining  process,  some  steel  men  are  firmly 
convinced  that  electrical  steel  will  ultimately  become 
standard,  because  of  the  saving  that  all  users  of  such 
steel  will  be  able  to  make  in  reduction  of  material  owing 
to  its  great  elastic  limit  and  its  uniformity. 

Some  of  these  industries  are  in  their  infancy;  others 
are  now  either  consuming  great  quantities  of  coal  or 
contending  against  great  odds  in  their  development 
because  of  shortage  in  cheap  electric  power  within 
commercial  distance  of  the  raw  products. 

By  concentrating  waterpower  developments  into 
these  intensified  fields  of  electrochemical  and  refining 
products,  there  would  result  the  attendant  economies 
of  mass  production  which  are  an  absolute  necessity  to 
enable  any  American  industry  to  flourish  or  meet  fat^ 
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dgn  competition  with  its  cheaper  labor.  If,  for 
instance,  the  utilization  of  the  major  part  of  the  Niagara 
Falls  power  could  be  arranged  for  between  the  United 
States  and  Canadian  Governments,  it  would  not  be  a 
great  stretch  of  imagination  to  forsee  that  center 
become  the  Pittsburgh  of  electrochemistry  and  electro 
metallurgy  with  railroads  and  waterways  reaching 
out  to  the  most  inland  points  and  to  the  oceans. 

Developments  on  rivers  with  irregular  flow  can  in 
general  only  be  used  with  full  economy  when  employed 
as  auxiliaries  to  or  in  connection  with  steam  power 
systems  of  relatively  much  larger  capacities. 

In  the  moimtain  and  Pacific  States,  where  the  poten- 
tial water  powers  are  enormous,  the  development  of 
these  resources,  to  save  the  wasteful  use  of  fuel  oil, 
should  be  fostered  on  the  widest  possible  scale. 

7.  PERCY  H.  THOMAS 

The  Super-Power  Plant 

The  following  discussion  is  intended  to  cover  the 
chief  factors  imderlying  the  economy  and  operative 
feasibility  of  the  proposed  scheme  for  interconnecting 
the  electric  power  systems  of  the  district  of  the  coimtry 
lying  along  the  north  Atlantic  seaboard  and  putting 
them  in  reach  of  the  cheapest  sources  of  steam  and 
water  power.  With  the  interconnection  is  associated 
the  electrification  of  the  principal  railways.  The 
existing  power  companies  in  the  district  and  the  rail- 
roads now  electrified  or  which  it  is  proposed  to  elec- 
trify constitute  the  principal  power  consumers  and 
distributors  and  must  form  the  nucleus  of  the  system. 

The  most  fimdamental  object  and  the  most  import- 
ant advantages  of  the  project  from  the  commimity's 
point  of  view,  are  the  conservation  of  coal  and  the 
relief  of  the  railroads  from  the  burden  of  hauling  coal 
for  their  own  use  and  for  power  supply,  which  coal 
haulage  constitutes  more  than  one-third  of  the  total 
traffic.  Other  advantages  are  mutual  support  and 
interchange  of  power  among  power  companies,  more 
favorable  diversity  factor  and  cheaper  generation  of 
power. 
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To  conserve  fuel  most  effectively  requires  both  the 
development  of  as  much  water  power  as  may  be  eco- 
nomically justified  and  the  burning  of  coal  in  the  most 
economical  manner,  as  well  as  the  use  of  low  grades 
of  coal.  To  relieve  the  railroads  of  the  burden  of 
freight,  requires  the  burning  of  coal  as  near  the  mines 
as  feasible.  Furthermore,  economical  generation  of 
steam  power  requires  use  of  large  power  houses.  To 
meet  sdl  these  conditions  requires  long  transmission 
and  a  very  great  premiiun  is  thus  put  on  low  priced 
and  economical  transmission  lines.    In  fact,  operative 
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practicability  and  low  cost  of  transmission  are  the  es- 
sential features  of  this  project.  This  means  the  sim- 
plest practicable  layout  and  the  greatest  possible 
power  capacity. 

The  sj^ttem  shown  in  outline  in  Fig.  1  is  suggested 
as  one  solution  of  this  problem  and  as  a  suitable  basis 
for  discussion. 

This  system  consists  of  a  main  250,000-volt  line 
connecting  Washington  or  Baltimore  with  Boston,  via 
Wilmington,  Philadelphia,  Newark,  New  York,  New 
Haven  and  Providence.  This  line  is  fed  from  a  group 
of  lai*ge  stations  at  the  nearest  soft  coal  fields — ^perhaps 
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on  the  upper  branches  of  the  Susquehanna,  but  in  any 
case  where  condensing  water  can  be  obtained  and  from 
a  second  group  at  the  hard  coal  fields,  probably  sup- 
plemented by  the  Susquehanna  and  Delaware  River 
water  powers.  Each  group  of  such  powers  would  feed 
through  a  tap  transmission  line.  If  a  large  plant  or 
plants  on  the  St.  Lawrence  River  should  turn  out  to 
be  feasible,  another  tap  line  could  be  run  to  connect 
with  the  main  line  probably  where  this  line  crosses 
the  Hudson  River.  The  length  of  this  line  would 
be  about  250  miles,  this  distance  being  taken  to  a 
junction  point  with  the  main  line.  The  total  dis- 
tance to  New  York  probably  will  be  300  miles  or 
somewhat  over. 

I  would  like  to  call  attention  to  the  fact  that  I  have 
not  fixed  upon  any  definite  locations  for  actual  coal 
mine  power  houses,  but  have  made  assiunptions  as  to 
the  probable  minimum  distances  involved.  The 
actual  selection  of  a  site  or  group  of  sites  might  add 
materially  to  these  distances.  The  only  effect,  how- 
ever, of  an  increase  of  25  per  cent  to  35  per  cent  in 
the  transmission  distance  would  be  to  increase  the 
line  losses  approximately  proportionally  to  the  dis- 
tance and  the  cost  in  proportion  to  the  added  length. 
It  would  have  very  little  effect  in  the  final  conclu- 
sions. Since  the  exact  location  of  a  site  must  be  de- 
termined by  suitable  cooling  water  it  will  obviously 
be  necessary  to  make  use  of  a  certain  amount  of  rail- 
road haulage  of  coal.  This  would  be  necessary  in  any 
case  since  coal  must  be  collected  from  a  number  of 
mines.  This  is  not  objectionable  if  the  coal  does  not 
have  to  be  hauled  long  distances  nor  over  main  trunk 
lines.  The  west  branch  of  the  Susquehanna  aroimd 
Williamsport  and  Lockhaven  is  one  possible  site  for 
a  large  plant.  This  plant  would  be  fed  from  the  Clear- 
field coal  district.  As  an  alternative,  a  power  station 
might  be  located  on  the  Potomac  River  somewhat 
below  the  Maryland  coal  fields  and  the  transmission 
from  there  to  Baltimore  would  be  less  than  150  miles. 
The  latter  alternative  would  probably  work  out  to 
about  the  equivalent  of  the  other  as  to  cost  and  as 
to  operating  quality. 
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These  two  or  three  generating  groups  would  supply 
the  base  load  or  the  maximum  continuous  24-hour 
power  for  all  the  territory  fed  by  the  main  line — 
amounting  to  perhaps  one-third  of  the  peak  load.  To 
carry  out  this  idea  with  the  assumed  conditions,  the 
single-circuit  tap  lines  should  have  the  maximum 
possible  capacity,  which  is  here  taken  as  350,000  to 
400,000  kw.  per  circuit.  To  secure  such  a  capacity 
at  250,000  volts,  requires  a  number  of  innovations, 
which  will  be  discussed  later. 

It  will  not  be  desirable  for  consumers  except  the 
very  largest  to  be  connected  directly  to  the  250,000 
volt  lines  on  account  of  complications  and  the  ex- 
pense. Local  consiuners  in  any  district  can  be  sup- 
plied from  the  nearest  large  distributing  company. 
Small  water  powers  or  groups  of  neighboring  powers 
up  to  25,000  to  50,000  kw.  would  be  connected  with 
the  nearest  distributing  system  without  connection 
to  the  250,000-volt  system. 

As  the  load  in  the  district  grows,  additional  250,000- 
volt  circuits  can  be  added  from  suitable  generating 
sites — ^probably  all  more  or  less  widely  separated — 
preferably  single-circuit  lines. 

It  will  be  desirable  to  make  use  of  and  depend  upon 
the  present  large  generating  stations  to  supply  all  peak 
and  breakdown  service.  Voltage  would  be  independ- 
ently controlled  at  the  principal  points  of  the  system, 
as  for  example,  Philadelphia,  Baltimore,  New  York, 
Boston,  as  will  be  later  explained. 

For  example,  Philadelphia  would  receive  the  first 
tap  line  and  control  its  voltage  and  feed  the  surplus 
up  and  down  the  main  line.  Similarly  with  Newark  and 
New  York  for  the  second  tap  line,  and  also  for  the  third 
line  to  the  St.  Lawrence  if  this  should  be  later  added. 

GeTieral  Features.  The  new  generating  plants  should 
be  designed  for  maximmn  simplicity  and  low  cost. 
They  should  be  based  upon  full-load  operation  at  90 
to  100  per  cent  load  factor.  Turbines  and  generators 
should  be  designed  for  best  efficiency  at  this  load. 
Boilers  should  be  built  for  high  rating  and  long  con- 
tinuous runs — with  distilled  water  makeup.  Very 
likely  coal  should  be  burned  in  powdered  form  and  the 
largest  vmts  should  be  used. 


162  W.  8.  MURRAY  [Feb.  19 

The  highest  steam  pressure,  probably  500  lb.,  with 
at  least  200  deg.  superheat  and  economizers  with  air 
heaters  for  preheating  au*  for  combustion  from  ex- 
haust gases  and  the  heat  in  the  generator  cooling  air 
should  be  used.  A  house  turbine  operating  condens- 
ing with  the  condensate  of  the  main  xmits  for  cooling 
water  would  be  used  having  as  large  a  capacity  as  can 
be  handled  with  the  amount  of  condensate  available. 
In  addition,  atmospheric  exhaust  auxiliaries  would  be 
used  to  the  maximum  extent  permissible  without  too 
high  a  feed  water  temperature. 

Generators  would  be  sjmchronous  type  with  gov- 
ernors for  controlling  the  field  current,  the  governors 
being  set  for  a  definite  load  and  the  fields  controlled 
automatically  to  keep  a  definite  power  factor — about 
98  per  cent  to  99  per  cent  lagging  and  also  to  take  a 
certain  definite  amoimt  of  charging  current  at  no-load. 
The  reason  for  this  will  be  explained  later. 

There  would  be  great  advantage  in  the  use  of  non- 
synchronous  or  induction  type  generators,  but  their 
bad  power  factor  and  high  cost  are  too  much  of  a 
handicap  to  be  overcome,  unless  the  characteristics 
of  such  generators  can  be  made  much  more  favorable 
m  large  sizes  than  in  present  sizes;  which  unfortu- 
nately does  not  seem  to  be  the  case. 

Large  power  houses  must  be  located  near  large 
and  reliable  supplies  of  cooling  water — 400,000  kw. 
would  require  approximately  1500  second-feet  flow — 
or  a  large  lake  whose  waters  could  be  used  over  and 
over,  cooling  meanwhile. 

If  a  large  enough  power  plant  could  not  be  gotten 
at  one  point,  several  closely  adjacent  plants  might 
be  used,  all  feeding  at  perhaps  15,000  volts  to  some 
central  point  for  stepping  up. 

High-tension  transformers  would  be  connected 
directly  to  the  line — ^with  opportunity  of  uncoupling 
the  line  dead — but  no  standard  disconnect  switches. 
Something  in  the  nature  of  a  very  long  enclosed  fuse 
might  be  introduced  for  short-circuit  protection. 

Synchronizing  could  be  done  on  either  end,  but  on 
the  low-tension  side,  preferably  in  the  new  power 
houses,  however. 
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No  means  for  automatic  circuit  opening  would  be 
provided,  except  at  the  six  points  (7  points  if  the  third 
tap  line  be  supplied)  shown  in  Fig.  1.  At  points  where 
one  line  connects  with  another,  appropriate  towers 
should  be  placed  close  together  and  facilities  provided 
so  that  the  lines  could  be  cut  apart  in  case  of  emer- 
gency. 

The  transmission  lines  proposed  have  a  capacity 
power  something  like  three  or  four  times  as  large  for 
a  given  voltage  as  heretofore  proposed.  They  have 
the  further  advantageous  property  that  they  trans- 
mit normal  power  with  a  very  small  loss  of  energy  or 
voltage  and  at  the  same  time  will  permit  only  a  rela- 
tively small  current  to  flow  in  short  circuit.  This  is 
a  rather  remarkable  and  very  useful  property.  For 
example,  dther  150  mile  tap  line  will  permit  only 
about  three  or  four  times  full  load  with  one  end  short- 
circuited. 

This  favorable  design  of  line  is  obtained  only  by 
careful  proportioning  and  if  the  load  on  the  line  be 
properly  chosen.  The  load  is  so  taken  that  the  charg- 
ing current  of  the  line  neutralizes  the  lagging  effect 
of  the  load  current  in  the  reactance  of  the  line.*  The 
proper  load  for  this  balance  can  be  made  to  approxi- 
mate the  desired  load  of  300,000  to  400,000  kw.  by 
using  such  construction  as  to  give  an  abnormally  large 
line  capacity  and  a  correspondingly  small  line  react- 
ance. The  use  of  aluminiun  and  the  dividing  of  the 
line  conductor  into  several  separated  cables  or  parts 
as  described  hereinafter,  sometimes  called  the  ''Split 
Conductor,"  have  a  very  marked  effect  to  increase 
capacity  and  reduce  inductance,  t  This  construction 
also  helps  greatly  in  reducing  corona  and  skin  effect. 
Obviously  if  load  and  line  constants  are  so  chosen  that 
the  inductive  effect  of  the  line  current  is  balanced  by 
the  capacity  current  at  normal  voltage,  this  balance 
will  be  lost  when  a  short  circuit  occiu^  and  the  charg- 
ing current  largely  disappears.  As  the  charging  kv-a. 
go  down  as  the  square  of  the  voltage,  and  the  induc- 
tive effect  goes  up  as  the  square  of  the  current,  the 

*S6e  OtUptU  and  RegiUation  in  Long  Distance  Lines,  by  Peroy 
H.  ThoniM.    Transactions  A.  I.  E.  E.,  1909. 
YTnAMBAcnoNB  A.  I.  E,  E.,  1909,  loo.  cit. 
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capacity  effect  will  be  negligible  on  short-circuit  con- 
ditions, leaving  the  reactance  drop  the  controlling 
factor.  This  explains  the  favorable  behavior  of  this 
line  to  limit  short  circuits  above  stated. 

The  layout  of  Fig.  1  is  favorable,  since  the  general 
effect  of  the  long  interconnecting  or  main  line  is  to 
increase  the  system  power  factor.  Power  in  large 
quantities  is  not  regularly  transmitted  in  any  one 
direction  over  the  whole  length  of  the  main  line  but 
blocks  of  power  will  pass  in  alternate  directions  in 
adjacent  parts  and  the  drop  voltage  along  this  line 
is  practicably  negligible.  For  this  reason  the  capacity 
will  not  be  neutralized  in  the  main  line  by  the  effect 
of  the  load  current  in  the  line  inductance  but  will  be 
available  for  power  factor  correction. 

It  has  just  been  stated  that  the  drop  between  any 
two  neighboring  large  stations  on  the  main  line  will 
be  very  small.  This  is  not  only  desirable  but  neces- 
sary for  when  power  is  to  be  quickly  supplied  in  reverse 
direction  from  normal  flow,  as  for  example,  on  a  sud- 
den call  for  help,  this  reversal  of  power  could  hardly 
be  accomplished  practically,  if  there  were  a  large  line 
drop,  since  the  voltage  delivered  to  the  station  ordi- 
narily sending  out  power  would  be  too  low  to  be  useful 
when  the  direction  of  power  was  reversed. 

But  with  a  line  of  very  low  ohmic  drop,  like  the  lines 
here  proposed,  transfer  of  energy  backward  or  forward 
on  the  same  line  may  be  easily  accomplished,  for  by 
manipulating  the  field  strengths  of  the  generators  on 
both  ends  of  the  line,  out  of  phase  or  circulating  cur- 
rent between  the  generators  can  be  made  to  coimter- 
act  the  ohmic  drop  of  the  load  current.  This  increases 
line  losses  somewhat  but  line  loss  would  be  unimport- 
ant at  time  of  emergency  and  would  be  small  in  amoimt 
in  any  case.  As  a  net  result  of  these  considerations 
power  can  be  sent  in  either  direction  between  two 
points  without  changing  the  voltage  at  either  end,  the 
necessary  flow  of  power  being  caused  by  suitable 
change  in  the  power  factor  of  the  passing  current. 

Operation 

As  already  stated,  under  normal  conditions  the  new 
power  houses  would  send  current  into  the  main  lines 


1920]  W.  8.  MURRAY  165 

in  a  constant  rate  24  hours  a  day  and  no  changes 
would  be  made  for  load  or  seasonal  conditions.  In 
case  of  accidents  to  line, — ^which  should  be  very  rare, — 
it  is  proposed  that  a  certain  amount  of  automatic  pro- 
tection would  be  provided.  The  transformers  at  the 
station  which  receives  power  from  one  tap  line  are 
divided  into  two  parts,  one  connected  to  the  tap  Une, 
the  other  to  the  adjacent  main  line.  In  case  of  trouble 
on  the  tap  line,  the  tap  line  circuit  breaker  would  open 
leaving  the  connection  between  sections  only  through 
the  banks  of  transformers,  stepping  down  through  one 
and  up  through  the  other,  and  then  the  main  line 
transformers  or  the  tap  transformers  would  be  auto- 
matically cut  off  on  the  low-tension  side  as  might  be 
called  for,  leaving  the  good  line  operating.  The  bad 
section  of  the  system  having  been  cut  out,  the  good 
parts  of  the  plant  could  be  operated  without  the  bad 
part.    This  would  be  accomplished  by  relays. 

In  testing  the  insulators  and  making  changes  of  in- 
sulators, it  is  assumed  that  this  work  will  be  done  alive 
by  the  method  used  by  Johnson  in  Georgia.  While 
this  soxmds  chimerical  to  a  person  not  familiar  with 
what  has  already  been  accomplished,  I  believe  it  to  be 
entirely  possible  and  safe. 

Starting  Up.  Starting  could  be  readily  accomplished 
on  account  of  the  subdivision  of  the  high-voltage  lines. 
Philadelphia  will  excite  the  section  of  the  line  to  New- 
ark by  the  low-tension  switches  through  one  set  of 
transformers.  This  is  too  short  in  length  for  the 
charging  current  to  be  important  and  will  furthermore 
merely  relieve  the  lagging  power  factor  of  the  Phila- 
delphia system  without  increasing  load  or  current. 
New  York  can  then  synchronize  with  Philadelphia  on 
the  low  side.  Philadelphia  will  then  excite  first  tap 
line  on  its  second  bank  of  transformers.  This  will  call 
for  no  increase  of  current  at  Philadelphia  as  before  on 
accoxmt  of  the  great  excess  of  load  lagging  current. 
By  connecting  the  power  house  transformers  at  the 
coal  mines  before  exciting  the  line,  no  synchronizing 
on  high  voltage  would  be  necessary.  Newark  or  New 
York  would  similarly  excite  the  second  hard  coal  tap 
line  (and  the  third  if  installed).    The  line  in  Balti- 
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more  may  then  be  energized  at  Philadelphia  and 
Baltimore  synchronized  on  the  low-tension  side. 
Similarly  with  the  line  to  Boston,  and  the  system  is 
operating  ready  for  load.  The  two  tap  lines  which  so 
far  are  connected  only  by  step  up  transformers  would 
be  connected  to  the  main  line  at  leisure  by  the  high- 
tension  circuit  breakers,  the  system  being  already  syn- 
chronized. 

The  switches  or  breakers  shown  in  Fig.  1  can  be 
used  for  automatic  cutting  apart  of  the  sections  of  the 
high-tension  system  as  already  explained.  On  accoimt 
of  the  characteristics  of  the  transmission  lines  as  here 
laid  out,  these  coal  mine  stations  will  a  dd  little  tothe 
short-circuit  currents;  and  one  center  like  New  York 
will  supply  little  short-circuit  current  to  another  as 
Philadelphia. 

Spare  Lines.  This  scheme  of  Fig.  1  offers  no  spare 
lines.  It  is  not  believed  that  the  expense  of  a  spare 
line  is  warranted.  It  will  be  noticed  that  no  accident 
at  any  one  point  of  the  line  can  cut  out  more  than  a 
small  part  of  the  system  except  momentarily — ^nor 
more  than  one  of  the  mine  power  plants.  If  the  S3rs- 
tem  grew  it  would  be  possible  to  add  other  tap  lines  at 
suitable  points,  which  would  reduce  the  power  short- 
age due  to  any  failure  without  providing  any  idle  lines. 
It  would  probably  be  more  economical  for  the  com- 
munity as  a  whole  to  make  the  best  shift  possible  to  a 
certain  extent  in  case  of  a  serious  line  failure  than  to 
pay  the  charges  and  endure  the  disadvantage  of  the 
complication  of  spare  lines  and  additional  switching 
facilities. 

Transmission  Line.  The  conductor  has  been  chosen 
as  consisting  of  three  600,000-cir.  mil.  aluminum  with 
steel  cores.  These  would  be  placed  in  a  horizontal 
plane,  18  to  24  in.  apart  each  hanging  from  two  strings 
of  insulators  suspended  at  an  angle,  as  shown  in  Fig.  2. 
This  would  reduce  side  swinging  and  help  clearances. 
Furthermore,  if  one  insulator  string  should  be  broken 
the  other  would  hold  up  the  conductors. 

The  principal  strain  on  the  towers,  according  to  the 
usual  test  specification,  is  due  to  a  broken  conduc- 
tor causing  torsion.    To  reduce  this  requirement  and 
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80  lighten  the  towers  as  far  as  possible — suspension 
towers  should  be  arranged  with  the  coixductors  free  to 
slide  in  the  hanger,  or  held  only  by  a  moderate  grip, 
having  a  maximum  positive  hold.  The  conductor 
will  tend  normally  to  equalize  longitudinal  stresses  in 
the  adjacent  spans  automatically  and  not  to  develop 


Fig.  2 


unevenness.  The  one  danger  is  the  uneven  collecting 
or  falling  of  ice  and  sleet.  A  moderate  grip  on  the 
hangers  such  as  would  be  justified  by  the  strength 
necessary  in  the  tower  for  other  requirements  would 
be  sufficient  to  prevent  any  permanent  slipping  ex- 
cept in  case  of  a  conductor  broken  in  all  three  cables. 
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In  this  case  the  conductor  will  slip  in  one  or  more 
hangers  and  drop  on  the  ground.  The  drag  on  the 
ground  will  prevent  the  line  slipping  in  many  towers. 
Repair  in  any  case  will  be  a  big  undertaking.  The 
breaking  of  a  single  cable  of  the  three  of  any  phase 
would  cause  an  electrical  groimd  but  no  slippage. 

The  assiunptions  here  made  are  confessedly  a  de- 
parture from  standard  practises  of  the  present  and 
mature  discussion  may  or  may  not  prove  them  war- 
ranted. The  results  accomplished  will  be  somewhat 
less  installation  cost,  with,  I  believe,  no  material  in- 
crease in  the  danger  of  line  interruption,  this  being  on 
account  of  the  special  hanger  or  cable  clamp  assiuned. 

For  most  economical  construction  all  ground  wires 
should  be  omitted.  Whether  the  installation  of  ground 
wires  would  eliminate  enough  trouble  to  warrant  the 
expense  and  complication  introduced  is  a  debatable 
point.  It  is  probable  that  indirect  or  induced  surges 
will  not  be  sufficiently  severe  to  affect  the  lines,  since 
the  lightning  effects  do  not  depend  primarily  on  the 
line  voltage  and  since  disturbances  of  this  nature  on 
our  highest  voltage  lines  seem  comparatively  rare. 
Direct  strokes  of  magnitude  will  not  be  turned  aside 
by  ground  wires  and  the  most  that  can  be  expected  of 
ground  wires  would  be  the  elimination  of  certain  dis- 
turbances of  intermediate  severity. 

The  150-mile  tap  lines  as  shown  when  delivering 
300,000  kw.  at  250,000  volts  and  99  per  cent  power 
factor  lagging  will  have  an  energy  loss  of  3J^  per  cent 
and  a  drop  of  about  5  per  cent  and  the  generator  power 
factor  unity.  It  is  essential  that  calculation  of  this  line 
be  made  by  an  accurate  formula,  such  as  the  hyper- 
bolic function  method,  taking  account  of  distributed 
inductance  and  capacity.  Formulas  based  on  local- 
ized capacity  will  give  misleading  results.  The 
critical  condition  to  cause  this  failure  of  the  approxi- 
mate formulas  is  the  one  here  existing,  viz.,  that  the 
leading  and  lagging  effects  of  capacity  and  inductance 
balance,  leaving  substantially  ohmic  losses.  With  the 
reactance  seven  times  the  resistance  the  importance 
of  this  consideration  is  evident. 

With  400,000  kw.  delivered,  the  energy  loss  would 
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be  5  or  6  per  cent  and  the  line  drop  about  9  per  cent. 
With  300,000  kw.  and  a  lower  power  factor  the  effici- 
ency would  go  down  and  the  line  drop  up,  but  a  con- 
siderably lower  power  factor  would  not  give  imduly 
unfavorable  conditions.  It  is  here  assumed  that  the 
existing  generating  apparatus  when  coupled  up  with 
these  lines  will  be  able  to  supply  the  necessary  out-of- 
phase  current  to  permit  a  high  power  factor  in  the  de- 
livered line  load.  If  not,  synchronous  condensers  can 
be  used  as  is  now  customary.  With  a  lightly  loaded 
line  the  automatic  power  factor  control  on  the  coal 
mine  generators  already  described  will  secure  a  condi- 
tion such  that  there  will  be  almost  no  voltage  change 
between  light  load  and  full  load  at  the  power  house. 
Since  voltage  is  established  at  the  receiving  end  there 
will  be  no  voltage  variation  there. 

The  essence  of  this  arrangement  is  that  the  coal 
mine  generators  shall  be  set  to  take  automatically  a 
definite  power  factor  at  and  near  full  load  and 
yet  will  take  automatically  a  certain  amount  of 
charging  current  at  or  near  no  load.  These  adjust- 
ments should  be  so  made  that  with  full  load  a  slightly 
lagging  power  factor  shall  be  maintained  automatically 
at  the  receiving  end  of  the  tap  lines.  With  the 
voltage  regulating  apparatus  of  the  distributing  sys- 
tem at  the  receiving  end  in  entire  control  of  the  deliv- 
ered voltage  the  system  will  maintain  itself  in  proper 
adjustment  to  give  the  efficient  line  conditions  re- 
quired— ^that  is  approximately  xmity  power  factor  in 
tiie  line. 

Costs.  It  having  been  established  in  the  general 
terms  that  the  operating  characteristics  of  the  super 
system  as  proposed  are  satisfactory  and  in  many  ways 
unexpectedly  favorable,  the  questions  of  capital  and 
operating  costs  remain.'*' 

Capital  Cost.  It  may  be  assiuned  that  a  400,000-kw. 
power  station  may  be  built,  under  reasonably  favor- 
able price  conditions  for  $100  a  kw.  including  over-  * 
head  necessary  for  design  and  construction;  that  the 

*I]i  this  present  disoussion  very  free  use  has  been  made  of 
the  exoellent  paper,  Problems  of  BBO-Kv.  Power  Transmission  by 
A.  E.  Sflver,  A.  I.  E.  E.,  1919. 
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transmission  lines  as  proposed,  viz.,  two  150-mile 
250,000-volt,  400,000  kw.  tap  lines  and  100  miles  of 
similar  capacity  line  for  the  central  part  of  the  main 
connecting  line,  and  250  miles  of  200,000-kw.  line,  can 
be  built  at  an  average  cost  of  $47^^  a  kw.  generated, 
including  overhead.  Also  that  the  necessary  250,000- 
volt  step-up  and  step-down  transformers  with  250,- 
000-volt  switches  could  be  installed  for  $15.00  a  kw., 
giving  the  following  table: 

Perkw. 
2-400,000  kw.  power  houses  .$100.00 
700  miles  250,000-volt  trans- 
mission lines 47.50 

250,000-volt  transformers  and 

switches 15.00 

Miscellaneous 1.50  $164.00 

Total  for  900,000  kw.,  allowing  12^ 
per  cent  spare $150,000,000.00 

Taking  into  account  the  added  cost  of  real  estate,  the 
congestion  of  fuel  handling  in  the  large  cities  and  the 
complication  of  handling  large  blocks  of  power  under- 
ground from  city  stations,  a  fair  estimate  of  the 
cost  of  installing  plants  to  generate  this  same  amount 
of  power  at  the  several  large  centers,  supposed  to  be 
supplied,  would  be  about  $125.00  per  kw.,  leaving  an 
excess  capital  cost  on  account  of  the  transmission 
scheme  of  $40.00  per  kw.,  a  very  small  amount  for  the 
benefits  offered.  The  value  of  the  800,000  kw.  deliv- 
ered to  the  large  distributing  companies  should  be  in 
the  neighborhood  of  $20,000,000  to  $25,000,000  a  year, 
with  present  or  slightly  better  conditions. 

These  cost  figures  are  fairly  liberally  estimated  on 
the  basis  of  routine  construction,  probably  10  to  20  per 
cent  should  be  added  to  cover  additional  cost  due  to 
the  unusual  character  of  much  of  the  work. 

Comparing  the  cost  of  transmitting  the  power  over 
transmission  lines  with  the  cost  of  hauling  coal  by  rail, 
we  have  to  compare  the  freight  on  five  tons  of  coal  (a 
sufficient  quantity  to  produce  a  kilowatt  for  a  year) 
against  the  cost  of  10  per  cent  additional  coal  (required 
to  cover  losses  in  transformers  and  transmission)  plus 
$3.50  fixed  charges  on  excess  capital  cost  of  one  kilo- 
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watt  for  the  transmission  S3rstem.  That  is  with  coal 
at  $1.00  per  ton  at  the  soft  coal  power  station,  five  and 
one-half  dollars  worth  would  be  required  for  each 
kilowatt-year.  Adding  $3.50  excess  or  fixed  charge, 
gives  $9.00.  For  coal  hauling  to  be  on  an  even  basis, 
coal  freight  would  be  80  cents  a  short  ton.  Most  of 
this  is  on  account  of  interest  on  the  excess  investment. 
This,  ho^^ever,  charges  the  transmission  system  with 
700  miles  of  line  while  the  actual  distance  of  transmis- 
sion is  only  2  X  150  miles.  If  the  cost  of  150  miles, 
the  direct  transmission  only,  is  considered,  the  capital 
cost  may  be  taken  as  123^  per  cent  less,  giving  a  fixed 
charge  of  $2.00  a  kw.  and  a  corresponding  freight  rate 
of  50  cents  a  ton.  All  the  above  figures  are  in  short 
tons. 

I  wish  to  say  that  all  the  above  dimensions  and 
estimates  are  based  on  the  assimiption,  that  the  inter- 
connecting system  will  be  characterized  by  extreme 
simplicity  and  that  very  little  so-called  flexibility  will 
be  pfovided.  This  is  necessary  to  reduce  costs  and  to 
simplify  operation  and  is  justified  by  the  completely 
equipped  plants  already  operating  in  the  inter-con- 
nected district. 

These  approximate  figures  give  an  idea  of  the  actual 
and  relative  cost  and  of  some  of  the  results  that  might 
be  obtained  by  interconnecting  the  district  and  supply- 
ing  from  the  coal  fields  the  base  load  for  two  or  three 
million  kilowatt  of  maximum  load  now  existing. 
With  the  future  growth  of  the  load  and  the  electrifica- 
tion of  the  railroads,  the  St.  Lawrence  development,  or 
additional  coal  mine  plants,  might  well  add  another 
half  million  kilowatts  in  one  or  two  circuits,  on  a  basis 
more  or  less  on  a  par  with  the  above,  except  that  if  the 
new  power  should  be  hydraulic,  it  would  probably  call 
for  a  somewhat  larger  capital  expenditure  and  would 
show  a  lower  operating  cost. 

Attention  is  again  called  to  the  fact  that  the  present 
discussion  is  based  on  a  hypothetical  typical  case  and 
not  on  an  actual  group  of  definitely  located  power 
houses.  Variations  of  25  to  50  miles  in  the  length  of 
transmission  will,  however,  make  little  difference  in 
the  net  result. 
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It  is  to  be  hoped  that  as  the  cost  of  generating  electric 
power  is  reduced,  partly  by  the  development  of  such 
large  scale  systems  as  here  discussed,  partly  by  the 
natural  development  of  the  art,  and  partly  also  by  the 
freer  use  of  local  distribution  mains,  that  the  use  of 
electric  power  for  heating  and  cooking  and  small  power 
will  be  enormously  increased,  which  will  warrant  the 
building  of  the  largest  systems,  becoming  a  great  source 
of  comfort  to  the  community. 

So  far  no  account  has  been  taken  of  the  benefit  from 
the  inter-connecting  system  here  under  discussion  in 
its  opportimity  to  take  advantage  of  diversity  factor  in 
general  power  consumption  nor  of  its  very  great  advan- 
tage in  raising  the  load  factor  of  a  railway  load,  which 
is  at  best  very  low.  The  relay  and  breakdown  service 
of  the  inter-connecting  line  would  be  of  great  benefit. 
Another  advantage  accruing  is  the  ability  of  the  system 
to  apply  a  surplus  of  power  existing  in  any  one  sjrstem, 
either  temporary  or  permanent,  to  any  load  that  may 
be  available.  This  ability  is  of  much  importance'in  a 
growing  district.  Furthermore,  the  ability  to  locate 
very  large  consumers  of  power  at  the  most  favorable 
location  would  be  of  importance.  For  example,  a  large 
electric  furnace  plant  can  now  only  be  placed  flear 
some  large  system,  without  installing  a  special  power 
plant.  Other  similar  advantages  of  the  intCT-con- 
nected  system  exist,  but  enough  has  been  said  to  war- 
rant a  careful  study  of  its  advantages,  disadvantages, 
possibilities  and  limitations. 

8.  W.  D.  PEASLEE 

High-Tension  Insulators 

The  utilization  of  220,000  volts  or  higher  for  the 
transmission  of  power  is  not  a  problem  that  holds  any 
terrors  for  us  as  insulator  manufacturers. 

Due  to  the  size  of  the  cable  necessary  on  such  aline 
and  to  the  fact  that  it  seems  rational  to  design  theline 
for  more  severe  storm  loading  conditions  than  standard 
for  an  ordinary  line,  the  standard  disk  suspension 
insulator  as  at  present  manufactured  is  not  entirely 
satisfactory  from  a  standpoint  of  mechanical  strength. 
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An  insulator  for  220,000  volts  will  have  to  stand  very 
severe  operating  conditions  as  to  mechanical  stresses 
and  dielectric  flux  concentrations,  and  it  is  very  import- 
ant that  certain  features  of  insulator  design  be  followed 
carefully  in  any  insulator  presented  for  this  service. 
Due  to  the  large  size  conductors  necessary  and  the 
spans,  the  mechanical  stress  will  be  considerably  in 
excess  of  that  met  with  in  high-voltage  lines  now  in 
operation. 

The  ratio  of  puncture  to  flashover  in  any  unit  is  a  very 
important  feature  of  its  design  and  one  which  imfor- 
timately  has  been  neglected  in  most  conventional 
designs  of  insulators.  Due  to  the  effect  of  transients 
added  to  the  normal  frequency  voltage  of  the  line  and 
their  time  lag  or  impulse  ratio,  it  is  possible  to  stress 
the  end  unit  of  a  string  to  very  high  values,  and  for 
that  reason  its  actual  puncture  resisting  power  should 
be  very  high.  The  puncturing  voltage  of  a  disk  insu- 
lator for  such  service  should  never  be  less  than  2}4 
times  the  dry  flashover  voltage  of  the  unit. 

In  order  to  reduce  corona  formation  as  much  as 
possible,  the  imit  should  be  designed  to  reduce  the 
flux  concentration  and  in  such  a  way  that  the  corona 
forming  voltage  will  be  considerably  above  the  opera- 
ting voltage  impressed  upon  the  imit. 

For  an  insulator  for  service  of  this  kind  strength  is 
an  important  factor.  The  lines  are  very  important 
and  the  ability  of  the  insulator  to  withstand  power  arc 
shock  and  other  events,  is  of  the  greatest  importance  to 
the  continuity  of  service  of  the  line.  We  have  made  a 
very  careful  study  of  the  requirements  of  this  insulator. 

We  are  at  work  at  the  present  time  on  a  disk  insulator 
to  meet  this  requirement.  It  will  be  a  disk  insulator 
probably  of  larger  diameter  than  the  present  design, 
with  a  mechanical  strength  sufficient  to  meet  the 
strains  imposed  by  the  larger  loadings  necessary  in 
such  a  line;  dry  flashover  in  the  neighborhood  of 
125,000  volts.  It  will  be  designed  in  accordance  with 
the  correct  theory  of  surface  design  between  the  air  and 
porcelain,  and  with  this  design  the  corona-forming 
voltage  will  be  very  high.  The  approximate  puncture 
voltage  per  disk  will  be  in  the  neighborhood  of  300,000 
volts,  thus  securii^  the  high  ratio  of  puncture  to  dr^ 
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flashover  now  recognized  as  a  vital  point  in  correct 
insulator  design. 

From  these  characteristics  you  will  see  that  this  disk 
will  be  very  well  suited  for  this  particular  work  and  our 
research  work  has  progressed  far  enough  so  that  we 
feel  confident  that  by  the  time  such  a  line  is  an  active 
proposition,  we  will  be  able  to  undertake  the  insulation 
problem.  Not  more  than  eight  to  ten  units  will  be 
required  for  the  220,000-volt  grounded  Y  line  and  this 
will  give  a  string  of  insulators  from  65  to  80  in.  in  length. 

9.  A.  0.  AUSTIN 

High-Tension  Transmission  Systems 

It  would  seem  that  the  super-power  project  such  as 
Mr.  W.  S.  Murray  has  outlined,  must  become  more  and 
more  of  a  necessity  with  each  succeeding  year.  The 
project  would  necessarily  change  in  character  in  time, 
but  the  sooner  it  is  started,  the  greater  the  saving  that 
would  be  effected,  both  as  to  the  economy  of  operation 
and  the  saving  of  natural  resources.  The  very  magni- 
tude of  a  system  of  this  kind  tends  to  postpone  a  start 
on  the  project,  even  though  the  possible  economies 
increase  with  the  size  and  completeness  of  the  system. 

The  project  must  necessarily  depend  upon  an 
efiicient  transmission  system,  and  as  the  cost  of  the 
connecting  transmission  line  will  be  an  important  factor, 
it  is  necessary  that  we  consider  the  state  of  the  art  with 
a  view  of  adopting  a  transmission  system  which  will 
show  a  maximum  economy.  Anything  effecting  the 
cost  of  the  transmission  system  should  be  given  careful 
consideration,  for  the  greater  the  economy  shown  the 
more  quickly  will  a  system  of  this  kind  be  put  in 
operation.  Where  a  project  of  this  magnitude  is 
involved  it  would  seem  that  a  departure  from  the 
usual  practise  is  well  warranted,  particularly  where  an 
increase  in  reliability  and  a  decrease  in  cost  can  be 
effected. 

It  is  possible  that  at  the  start,  a  large  part  of  the 
system  could  be  connected  to  advantage  with  a  trans- 
mission line  not  exceeding  110  kv.  It  is  probable, 
however,  that  power  will  be  transmitted  from  large 
hydroelectric  or  steam  plants  located  at  a  considerable 
distance.    The  increasing  cost  of  coal  will  make  it 


1920]  W.  8.  MURRAY  165 

highly  advisable  that  the  future  additional  gen^^ting 
equipment  be  located  where  the  greatest  economy  can 
be  effected,  rather  than  split  up  into  a  lot  of  smaller, 
less  efficient  stations. 

The  adoption  of  a  high  line  voltage  for  the  main 
trunk  system  would  show  a  saving  which  might  hasten 
the  project  several  years,  consequently  it  is  important 
that  we  consider  various  factors  which  may  be  taken 
advantage  of,  to  increase  the  efficiency  or  lower  the  cost 
of  the  line. 

The  real  problem  on  a  large  transmission  system 
operating  at  a  high  voltage,  has  usually  been  that  of 
r^ulation,  and  it  would  seem  that  the  present  project 
is  no  exception  to  the  general  rule.  It  would  seem  that 
the  future  demands  for  power  in  the  zone  covered  by 
the  project  would  permit  the  installation  of  equipment 
without  additional  cost,  which  would  give  the  neces- 
sary regulation  to  insure  the  success  of  the  system 
All  that  would  be  necessary  would  be  to  form  a  com- 
prehensive plan  and  install  futiu*e  equipment  so  as  to 
make  the  scheme  effective. 

A  transmission  line  operating  at  220  kv.  or  slightly 
above  will  involve  large  conductors,  which  would  give 
the  system  a  high  degree  of  mechanical  reliability  not 
afforded  in  the  smaller  systems.  In  addition  the  insu- 
lation which  would  be  necessary  for  the  line  and  equip- 
ment, would  make  the  system  free  from  lightning 
trouble.  These  two  factors  would  be  important  in 
eliminating  the  necessity  for  stand-by  plants,  and 
should  hasten  the  adoption  of  the  project.  The  large 
amount  of  power  would  permit  of  apparatus  of  a  high 
degree  of  strength  and  reliability,  so  that  shut-downs 
from  failure  of  same  would  be  negligible. 

A  careful  analysis  of  operating  systems  would 
probably  indicate  that  the  greatest  danger  to  a  system 
of  this  kind  would  be  that  due  to  suddenly  dropping  a 
large  portion  of  the  connected  load.  This  hazard 
could  probably  be  entirely  eliminated  by  tieing  in  the 
main  transformers  connected  to  the  system,  so  that 
they  could  not  be  disconnected  by  the  operator  unless 
the  voltage  of  the  system  was  lowered  or  a  defective 
unit  alone  be  disconnected.  Since  apparatus  would 
probably  be  disconnected  only  in  case  of  faihxrey  a 
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shunted  fuse  or  other  inexpensive  device  could  be  used 
to  disconnect  the  defective  unit.  This  would  eliminate 
a  considerable  cost  for  oil  switches  and  the  freedom 
from  lightning  would  probably  permit  the  elimination 
of  lightning  arresters.  This  woidd  effect  a  considerable 
saving  and  might  advance  the  installation  of  the  com- 
pleted project  several  years. 

It  is  highly  desirable  to  make  the  main  system  sim- 
ple to  give  the  highest  degree  of  reliability  and  it  would 
seem  that  in  carrying  this  out  that  economies  could  be 
effected  which  would  more  than  off-set  the  increased 
cost  for  the  higher  voltage  transformers  necessary  to 
permit  an  economic  transmission  system  for  supplying 
power  for  a  considerable  distance.  The  large  con- 
ductors necessary  for  a  system  such  as  this  would  * 
require  heavy  working  stresses  for  the  insulators.  The 
insulator  art,  however,  is  such  that  high  ultimate  iur 
sulators  with  longer  life  can  be  produced  at  a  much 
lower  price  than  they  could  previously.  It  is  now  pos- 
sible to  procure  insulators  such  that  a  single  string  will 
carry  the  line  and  at  a  cost  probably  not  more  than 
50  to  60  per  cent  of  that  required  for  a  110-kv.  line. 
From  this  it  will  be  seen  that  the  cost  of  installation 
for  a  220-kv.  project  would  probably  be  less  than  the 
cost  of  some  of  the  150-kv.  lines  previously  installed. 
The  transmission  art  has  advanced  rapidly  and  many 
economies  could  be  effected  by  carrying  out  a  com- 
prehensive scheme,  which  are  not  possible  in  many  of 
the  existing  systems. 

Large  additional  amounts  of  power  will  be  required 
in  the  district  effected  by  the  project  and  much  could 
be  saved  by  adopting  a  plan  as  soon  as  possible.  It 
would  seem  that  there  is  no  new  or  untried  principle 
involved,  and  that  by  making  a  survey  it  would  be  pos- 
sible to  show  the  economies  which  would  be  effected 
not  only  for  the  present,  but  for  some  years  to  come. 
It  takes  considerable  time  to  put  large  projects  into 
operation,  hence  it  is  important  that  we  do  not  con- 
fine our  attention  entirely  to  the  immediate  economies, 
but  look  more  to  the  future. 


Note:  For  the  complete  discussion  of  this  paper  see  Journal 
of  A.  I.  E.  E.,  August,  1920,  page  766. 


PrtsenUd  at  tkt  8th  Midwinter  Cowuntion  of 
the  American  Insiitme  of  BUcirical  Engineers, 
New  York,  Pebrnary  19.  1920. 

Copyright  1920.     By  A.  I.  E.  E. 


PRINTING  TELEGRAPH  SYSTEMS 


JOHN  H.  BELL 
Telegraph  Engineer.  Western  Electric  Co..  New  York 


Abstract  of  Paper 

This  paper  describes  the  Creed,  Murray  Automatic,  Siemens 
&  Halske,  Baudot  and  American  Multiplex  Printing  Telegraph 
Systems,  and  their  methods  of  operation.  A  discussion  of  tne 
operating  features  of  the  systems  described  is  dealt  with  under 
the  following  headings: — 

Accuracy  Under  this  heading  it  is  shown  that  printing  sys- 
tems are  more  accurate  than  Morse  workinpf  and  that  the  print- 
ing system  which  permits  of  sufficient  time  for  checking  of 
messages  is  likely  to  be  the  most  accurate. 

Sp^  of  Service.  It  is  shown  wherein  the  multiplex  systems  are 
superior  to  the  high-speed  systems. 

Operator  OtUptU.  Under  this  heading  reference  is  made  to 
actual  results,,  both  at  home  and  abroad. 

Maintenance.  Outlines  method  proposed  for  detecting  incipi- 
ent faults  in  apparatus  and  securing  iminterrupted  service. 

Line  Economies.  The  advantages  of  using  the  five-unit  code 
are  discussed. 

Flexibility.  Examples  are  given  of  the  flexibility  of  multiplex 
systems  in  linking  up  a  number  of  cities,  by  means  of  forking 
repeaters,  thereby  resulting  in  either  line  or  operator  economies. 


THE  object  of  this  paper  is  to  describe  briefly  those  print- 
ing telegraph  systems  in  use  today  which  are  designed 
for  handling  tniflSc  at  over  100  words  per  minute,  and  to 
discuss  their  operating  features.  This  minimum  speed  limita- 
tion has  been  chosen  as  it  effectively  divides  the  various 
printing  systems  into  two  classes  as  regards  traffic  carrying 
capacity,  each  of  which  classes  is  of  sufficient  interest  to  war- 
rant treatment  in  a  separate  paper.  Practically  all  the  print- 
ing telegraph  systems  not  considered  in  this  paper  have  a 
carrying  capacity  of  from  50  to  70  words  per  minute,  and 
are  consequently  in  a  class  by  themselves.  The  systems 
capable  of  carrying  heavy  traffic  loads  may  be  divided  into 
two  classes. 

(1)  High-speed  systems. 

(2)  Multiplex  systems. 

By  a  high-speed  system  is  meant  a  system  in  which  the 
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sending  and  recording  machines  operate  at  the  same  speed 
as  the  signals  are  transmitted. 

By  multiplex,  is  meant  a  system  in  which  a  plurality  of 
sending  machines  and  a  plurality  of  receiving  machines  are 
directly  connected  in  the  telegraph  circuit  and  individually 
operate  at  a  lower  speed  than  that  at  which  the  signals  are 
being  transmitted. 

The  systems  to  be  discussed  are  as  follows: 

High-Speed  Systems.  Creed  (continental  Morse  code) 
tape  transmission.  Signals  received  on  perforated  tape 
which  is  fed  through  a  printer.  Messages  are  printed  on  a 
tape. 

Murray  automatic  (Baudot  or  five-unit  code)  tape  trans- 
mission. Signals  received  on  a  perforated  tape  which  is  fed 
through  a  printer.    Messages  are  printed  in  page  form. 

Siemens  and  Halske  (Baudot  or  five-unit  code)  tape  trans- 
mission.   Signals  received  in  printed  form  on  a  tape. 

Multiplex  Systems.  Baudot  (Baudot  or  five-unit  code) 
direct  keyboard  transmission.  Signals  received  in  printed 
form  on  a  tape. 

American  Multiplex  (Baudot  or  five-unit  code)  tape  trans- 
mission.   Signals  received  as  printed  message  in  page  form. 

Several  years  ago  there  was  a  diversity  of  opinion  as  to  the 
relative  merits  of  high-speed  and  multiplex  systems,  and  the 
advantages  of  the  five-unit  code  over  other  telegraph  codes 
were  not  generally  appreciated.  The  tape-transmitting,  page- 
printing  multiplex  system  using  a  five-unit  code,  however, 
has  demonstrated  its  superiority  over  all  others  and  one  object 
of  this  paper  is  to  indicate  the  reasons  for  this  result. 

Perhaps  the  most  elementary  form  of  electric  signaling  is 
that  in  daily  use  by  most  executives,  where  one  depression  of 
a  push  button  summons  a  messenger  boy,  two  depressions 
means  stenographer,  and  so  on,  a  bell  or  buzzer  being  the 
telegraph  instrument  of  call.  To  send  the  26  letters  of  the 
alphabet  in  this  fashion,  where  one  beat  represents  a,  two 
beats  6,  three  beats  c,  and  so  on,  would,  obviously,  be  a  tedious 
process.  By  arranging  that  some  beats  are  short  and  some 
long  and  forming  combinations  of  these  short  and  long  beats, 
a  code  can  be  built  up.  This  is  the  basis  of  the  Morse  code. 
For  actual  telegraph  purposes  the  push  button  is  replaced  by 
a  suitable  key  and  the  bell  or  buzzer,  by  a  sounder.    Fig.  lA. 
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The  sounder  is  an  instrument  which  requires  a  considerable 
amount  of  energy  to  actuate  it.  Consequently,  when  a  line 
exceeds  a  few  miles  in  length  it  becomes  economical  to  introduce 
for  the  reception  of  the  signals,  a  piore  sensitive  instrument 
than  a  sounder,  namely,  a  relay,  and  to  cause  the  sounder 
to  be  actuated  locally  as  shown  in  Fig.  iB.  The  relay 
alone  is  unsuitable  because  the  noise  produced  is  not  sufficiently 
loud  to  be  heard  with  distinctness  at  all  times.  With  such  a 
system,  telegraph  signalling  can  be  carried  on  over  several 
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himdred  miles  provided  the  insulation  of  the  line  is  good. 
Under  wet  weather  conditions,  however,  the  strength  of  the 
operating  cmrent  at  the  receiving  end  of  the  line  is  reduced 
and  the  relay  must  be  re-adjusted. 

If,  instead  of  a  relay  of  the  simple  "neutrar'  type,  and  a 
single-pole  battery,  there  be  used  a  polarized  relay  and  a  two- 
pole  battery.  Fig.  Ic,  the  need  for  readjustment  of  the  relay 
to  meet  variable  insulation  conditions  is  eliminated.  The 
armature  of  the  polar  relay  is  acted  upon  in  both  directions. 
An  impulse  from  the  negative  or  "marking"  battery  causes 
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the  tongue  of  the  polarized  relay  to  make  contact  with  its 
right  hand  or  marking  stop,  whilst  an  impulse  from  the  posi- 
tive battery  reverses  its  movement. 

The  positive  or  "spacing"  battery  takes  the  place  of  the 
retractile  spring  in  the  neutral  or  non-polar  relay.  As  the 
current  from  both  batteries  is  affected  equally  by  variations 
in  the  line  insulation,  this  is  the  equivalent  of  automatically 
varying  the  strength  of  the  tension  spring  of  a  neutral  relay 
to  the  exact  degree  of  adjustment  necessary. 

Fig.  2  represents  oscillograph  records  of  signals  transmitted 
over  an  artificial  line  simulating  a  400-mile  open-wire  circuit. 
A  shows  the  signals  repeated  by  a  polar  relay,  and  B  the  signals 
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Fig.  2 

repeated  by  a  neutral  relay  when  the  insulation  of  the  line 
was  perfect.  C  and  D  show  the  repeated  signals  by  the  polar 
and  neutral  relays  respectively,  when  the  insulation  resistance 
of  the  line  is  approximately  one  quarter  of  its  conductor 
resistance.    No  readjustment  of  the  relays  was  made. 

It  will  be  seen  that  the  repeated  signals  in  the  case  of  the 
polar  relay  are  the  same  under  the  two  conditions,  whilst 
in  the  case  of  the  neutral  relay  reduced  current  has  produced 
"pin-pointed"  dots.  The  superiority  of  the  double  current 
or  polar  method  is  evident. 
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A  simple  circuit  of  this  type,  when  operated  by  hand  Morse, 
provides  for  the  transmission  of  one  message  at  a  time  at  a 
speed  of  approximately  30  words  per  minute.  The  next 
advance  is  to  increase  the  carrying  capacity  of  the  circuit  by 
transmitting  two  messages  simultaneously — one  in  each 
direction.  This  was  achieved  by  the  invention  of  the  duplex 
system. 

By  providing  a  polar  relay  having  two  equal  windings,  and 
an  assembly  of  resistances  and  condensers  to  simulate  the 
real  line,  at  each  end  of  the  circuit,  as  shown  in  Fig.  3,  signals 
may  be  transmitted  from  station  X  and  repeated  by  the  relay 
at  station  Y  and  signals  from  Y  repeated  by  the  relay  at  station  ' 
X  without  interference  with  each  other.  The  outgoing 
currents  at  each  station  divides  equally  at  the  conunon  terminal 
of  the  home  relay,  the  paths  via  the  line  L  and  the  artificial 
line  A  L  having  equal  impedances.    Passing  through  the  two 
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Fig.  3 

balanced  windings  of  the  home  station  relay  in  this  manner, 
they  produce  no  effect  on  it.  When  the  current  reaches  the 
distant  station,  it  passes  through  the  line  side  winding  of  the 
relay  R  and  then  divides  between  the  two  paths  to  groimd, 
one  via  the  transmitting  key  and  battery,  the  other  through 
the  artificial  line  AL.  That  part  of  the  current  through  the 
artificial  line  winding  of  the  relay  passes  in  the  direction  to 
assist  the  current  through  the  line  winding.  The  relay,  there- 
fore, is  actuated  in  accordance  with  the  polarity  and  duration 
of  the  incoming  signals. 

Elxcept  in  the  case  of  the  longest  duplex  lines,  it  is  possible 
to  transmit  signals  at  a  speed  much  in  excess  of  the  fastest 
hand  operation.  In  order,  therefore,  that  a  line  shall  be 
made  to  carry  an  increased  load,  an  automatic  transmitter 
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for  sending  and  a  high-speed  tape-recording  instrument  for 
reception,  are  used.  Wheatstone  designed  such  instruments 
in  1858  and  these  have  imdergone  improvements  from  time  to 
time,  until  today,  they  are  capable  of  operation  at  a  speed  of 
over  400  words  per  minute.  That  is  to  say,  the  limit  of  speed 
of  the  apparatus  is  over  400  words  per  minute.  The  complete 
Wheatstone  sjrstem   comprises  a  perforator,  an  automatic 


r  o  o  ' 


oeo  o  oo  o  o  oo 
•oeo     oo  oo     ooo 


3 


FiQ.  4 


transmitter  and  a  tape  recorder.  The  original  type  of  perfora- 
tor has  three  keys  which  are  struck  by  small  mallets  held  in 
the  hand.  The  left  hand  or  dot  key  perforates  two  signal 
holes  and  a  center  feed  hole  in  vertical  alignment  across  the 
tape.  The  middle  or  space  key  perforates  a  center  feed  hole, 
and  the  right  hand  or  dash  key  perforates  four  holes,  two 
being  signal  holes  and  two  being  feed  holes.  This  type  of 
perforator  is  rapidly  being  replaced,  however,  by  modem 
keyboard  perforators  of  which  the  Kleinschmidt,  is  probably 
the  best  known. 
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Fig.  5 


Fig.  4x  shows  a  piece  of  tape  with  the  letters  A,  B,  C,  D 
perforated. 

The  automatic  transmitter  for  operation  in  conjunction  with 
this  tape,  (Fig.  5)  has  two  vertical  selecting  pins,  each  pivoted 
to  a  bell  crank  lever  BC  L,  The  two  bell  crank  levers  control 
the  movements  of  the  contact-making  arm  C  M  Ahy  means  of 
the  push  bars,  each  of  which  has  a  collar  or  flange  C.    Each 
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push  bar  extends  beyond  the  collar,  through  a  hole  in  the 
contact  lever  which  acts  as  a  guide  or  sliding  support  for  that 
end  of  the  push  bar.  When  pushed  beyond  the  dead  center 
of  the  jockey  roller,  J  R,  the  jockey  roller  ensures  firm  contact 
being  made  and  also  retains  the  contact  lever  in  the  position 
placed  .whilst  one  pushbar  is  being  withdrawn  and  the  other 
advanced. 

The  upward  movement  of  the  selecting  pins  SSP  and  MSP 
is  controlled  by  the  rocking  arm  R  A  and  by  the  perforations 
in  the  tape.  Power  is  transmitted  to  the  rocking  R  A  and  the 
sprocket  feed  wheel  S  FW  from  an  electric  motor  and  these 
units  of  the  driving  mechanism  are  so  geared  that  the  marking 
selecting  pin  MSP  rises  so  as  to  strike  the  tape  exactly  opposite 
a  feed  hole.  When  no  signal  hole  occurs  the  selecting  pin  is 
not  free  to  rise,  consequently,  the  contact-making  arm  remains 
in  the  spacing  position. 

When  a  signal  hole  does  occur  the  "marking''  selector  pin 
MSP  passes  through  it,  and  the  push  bar  is  forced  to  the  right 
by  the  tension  spring  T  S.  As  the  feed  wheel  rotates,  moving 
the  tape  along,  the  rocking  arm  releases  the  spacing  selecting 
pin  SSP  and  withdraws  the  marking  selector  pin  MSP.  The 
upper  end  of  the  spacing  selector  pin  is  so  guided  as  to  engage 
with  the  signal  hole  in  the  lower  row  on  the  tape.  When  a  signal 
hole  occurs,  the  spacing  selector  pin  passes  through  it  and  the 
lower  push  bar  P  B  moves  to  the  right  causing  the  lever  CM  A 
to  msd^e  contact  with  the  positive  battery  contact  point. 

In  the  case  of  a  dash  or  a  space,  both  selector  pins  are  pre- 
vented from  rising  once  owing  to  the  absence  of  signal  holes. 
During  these  periods,  the  contact-making  arm  remains  at 
rest. 

During  a  dash  it  rests  against  the  negative  battery  contact 
and  during  a  space  against  the  positive  battery  contact.  The 
signals  passing  to  tlft  line  are  shown  at  Y  in  Fig.  4. 

For  a  speed  of  120  words  per  minute  each  selecting  pin  is 
freed  to  rise  through  the  perforations  in  the  paper  tape  at  the 
rate  of  54  times  per  second,  the  rest  of  the  mechanism  operating 
at  a  like  rate.  Obviously,  the  adjustments  in  such  a  machine 
must  be  extremely  accurate. 

This  method  of  transmission  is  used  in  the  Creed  printing 
system  which  was  designed  to  supplement  the  Wheatstone 
system  and  thereby  to  effect  labor  economies  and  reduction 
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of  delay  at  the  receiving  end,  two  features  in  which  the  Wheat- 
stone  system  compares  unfavorably  with  printing  systems. 

Creed  System 

This  system  has  been  in  commercial  use  in  England  and 
several  other  countries  for  the  last  12  years.  Actually  it  may 
be  described  as  a  development  of  the  Wheatstone  system. 
So  far  as  the  sending  station  is  concerned  there  is  no  change 
from  the  apparatus  and  method  of  operation  used  in  the  Wheat- 
stone.  The  messages  are  first  handled  by  operators  at  key- 
board perforators  who  prepare  them  in  the  form  of  perforated 
tai>es.  These  operators  are  generally  seated  close  to  the 
transmitter,  and  as  they  complete  each  length  of  tape  contain- 
ing two  or  three  messages,  pass  it  forward  to  an  operator 
who  feeds  the  tape  into  the  Wheatstone  transmitter. 

At  the  receiving  station  the  incoming  signals  are  made  to 
actuate  a  "receiving  perforator"  which  reproduces  a  perforated 
tape  identical  in  all  respects  to  that  which  is  fed  into  the  Wheat- 
stone transmitter  at  the  sending  station.  This  perforated 
tape  is  then  fed  into  an  automatic  printer  which  prints  the 
messages  in  bold  Roman  characters  on  a  paper  tape. 

The  general  practise  is  to  have  the  receiving  perforator  and 
printer  mounted  conveniently  near  each  other  so  that  the  per- 
forated tape  is  fed  into  the  printer  with  minumum  delay. 

As  the  printed  tape  comes  from  the  printer  it  is  fed  through 
a  small  giunming  device,  or  if  gummed  tape  be  used,  over  a 
moistening  roller,  thence  to  the  gumming  operator.  The 
duty  of  this  operator  is  to  paste  the  tape  neatly  on  the  standard 
telegraph  blanks.  Where  the  speed  is  low,  such  as  on  circuits 
feeding  or  fed  by  a  submarine  cable  this  operator  checks  the 
messages  as  well,  but  on  circuits  operated  at  100  words  per 
minute  the  gumming  operator  is  able  to  perform  only  the 
work  of  pasting;  the  checking  being  done  \^  a  second  operator. 
This  system  is  an  improvement  over  the  Wheatstone  system 
in  that  it  eliminates  the  laborious  process  of  tape  translation. 

Receiving  Perforator.  Fig.  6  shows  in  diagrammatic  form 
the  construction  of  the  Creed  receiving  perforator  which 
reproduces  a  perforated  tape  identical  with  that  fed  into  a 
Wheatstone  transmitter  at  the  distant  end  of  the  line. 

A  represents  a  polarized  relay  of  the  British  Post  Office 
type.  No  electrical  contacts  are  used,  and  in  place  of  tlie 
contact-making  tongue,  a  light  tongue  R  T,  having  a  small 
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slide  valve  S  V,  at  its  free  end,  is  provided.    Movements  of 
this  valve  S  V  control  a  supply  of  compressed  air  to  the  small 


relay  engine  R  E,  causing  its  piston  to  move  from  side  to  side. 
The  rod  of  this  piston  carries  two  circular  disks  which  act  as 


valves  controlling  the  air  inlets  to  a  larger  double-acting 
loston  (Fig.  7),    This  larger  piston  has  a  rod  projectVns  iTOto. 
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each  side  of  it,  the  rods  projecting  through  the  cylinder  cover, 
and  acting  upon  the  bell  crank  levers  L  L  and  L  R,  (Fig.  6). 
The  adjustable  buffers  B  regulate  the  travel  of  the  piston  and 
piston  valves.  The  arms  L  A  and  L  B  transmit  the  movement 
to  the  striker  arms  S  L  and  S  R,  the  free  ends  of  which  are 
bifurcated  for  the  purpose  of  thrusting  against  the  pimches 
L P  and  R P  and  corrector  rods  LCR  and  RCR.  The  punches 
and  corrector  rods  are  mounted  and  guided  in  a  separate  block 
which  also  carries  the  die-plates,  feed  wheel,  and  corrector 
wheels.  The  ends  of  the  corrector  rods  have  flattened  pointed 
ends  which  enter  between  the  teeth  of  the  corrector  wheels. 
The  punches  and  correctors  are  the  parts  most  subject  to  wear 
and  this  arrangement  provides  for  the  quick  replacement  of 
the  pimch  block,  there  being  generally  two  such  blocks  provided 
with  each  machine.  Springs  are  provided  for  restoring  the 
pimches  and  corrector  rods  as  shown  in  Fig.  6. 

The  paper  tape  which  is  previously  center-holed  is  fed  up 
between  the  die-plates  past  the  punches  and  engages  with  the 
small  sprockets  of  the  feed  wheel  F  W.  The  feed  wheel  and 
correcting  wheels  C  W  are  firmly  moimted  on  the  same  spindle 
which  is  rotated  by  an  electric  motor.  The  corrector  rods 
move  in  advance  of  the  punches  and  hold  the  corrector  wheels 
and  the  feed  wheel  in  the  correct  position  so  that  the  perfora- 
tions made  by  the  punches  shall  be  in  correct  vertical  alignment 
with  the  feed  holes.  This  ensures  that  the  perforated  tape 
will  properly  actuate  the  printer.  As  the  tape  is  momentarily 
stopped  at  the  instant  of  perforating,  a  friction  drive  is  intro- 
duced between  the  motor  and  the  feedwheel  spindle.  The 
exact  degree  of  tension  is  secured  by  regulating  the  position 
of  the  spring  S  T  along  the  two  rods  carrying  the  friction 
clocks  F  B. 

Connecting  the  ends  of  the  bell  crank  levers  L  L  and  L  R,  is 
a  link  L  on  which  is  a  tappet  piece  which  pushes  on  the  striker 
bars  laterally,  and  causes  them  to  slide  clear  of  the  corrector 
rods  and  punches  at  the  right  moment. 

As  the  two  signal  holes  forming  a  dot  must  be  in  vertical 
alignment  with  their  corresponding  feed  hole  on  the  tape  and 
a  small  interval  of  time  elapses  between  the  two  perforating 
operations,  during  which  time  the  tape  has  traveled  a  little, 
the  right-hand  correcting  wheel  and  the  right-hand  pimch  are 
given  a  lead  equal  to  one-half  tooth  of  the  corrector  wheel.  , 
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Air  pressure  at  approximately  30  lb.  per  square  inch  is 
required  to  operate  the  air  engine. 

The  speed  at  which  the  paper  tape  is  fed  forward  may  vary 
within  fairly  wide  limits  as  the  correcting  rods  will  advance  or 
retard  it  at  every  signal.  On  one  occasion  the  writer  has 
witnessed  the  machine  perforating  correctly  at  140  words  per 
minute  while  the  tape  speed  was  adjusted  for  100  words  per 
minute. 

When  receiving  reversals  at  120  words  per  minute,  this 
machine  perforates  108  holes  in  succession  per  second. 

Printer.  The  perforated  tape  is  next  fed  through  the  Creed 
printer,  which  reproduces  the  message  in  Roman  characters 
on  a  paper  tape,  suitable  for  pasting  to  a  telegraph  form. 
The  received  perforated  tape  can  be  run  through  the  printer 
several  times  and,  in  addition,  it  can  be  utilized  to  re-transmit 
the  signals  to  any  other  line  or  lines  equipped  with  Wheatstone 
apparatus.  Pneimiatic  pressure  is  used  for  the  printing  and 
a  small  electric  motor  supplies  the  necessary  power  to  drive 
the  camshaft. 

The  perforated  tape  is  fed  forward,  letter  by  letter,  in  a 
guideway,  in  front  of  a  series  of  ten  pairs  of  selecting  needles, 
one  needle  of  each  pair  being  associated  with  one  of  a  series 
of  ten  slide  valves.  These  valve  plates,  made  of  thin  sheet 
steel,  can  be  made  to  occupy  one  of  two  positions,  selected  and 
non-selected,  so  that  a  number  of  different  combinations  can 
be  set  up.  Each  valve  plate  has  a  number  of  holes  or  perfora- 
tions in  it  and  when  a  combination  has  been  set  up,  a  passage 
exists  through  the  ten  valve  plates  to  one  of  the  small  cylinders 
in  the  cylinder  box.  Compressed  air  can  thus  be  admitted 
forcing  up  the  small  piston  which  acts  on  the  end  of  a  lever 
connected  to  one  of  the  type  bars. 

A  diagrammatic  sketch  of  the  printer  is  shown  in  Fig.  8. 
The  perforated  tape  P  T  is  fed  by  means  of  a  sprocket  feed  wheel 
SFW  between  two  vertical  guide  plates  which  have  ten  pairs 
of  holes  positioned  to  permit  of  the  entry  of  the  ten  pairs  of 
selecting  needles.  Should  the  perforated  tape  have  a  con- 
tinuous series  of  dots  all  the  selecting  needles  would  have  entry. 
Particular  combinations  of  perforation  in  the  tape  will  permit 
only  certain  of  the  selecting  needles  to  enter,  and  it  is  by  this 
means,  that  the  spacing  and  letter  selections  are  made.  The 
feed  wheel  is  mounted  on  the  same  spindle  as  the  toothed  wheel 
T  W  which  is  rotated  by  the  vertical  feed  rack  actuated  by 
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a  cam  on  the  main  shaft.  An  examination  of  the  perforated 
tape,  Fig.  4,  will  show  that  between  each  letter  combination 
there  is  a  clear  blank  space  which  would  block  the  entrance 
of  one  pair  of  selecting  needles  in  the  same  horizontal  plane 
also  that  the  lower  row  of  signal  holes  alone  is  sufficient  to 
differentiate  between  the  various  letters,  figures  and  pimctua- 
tion  marks,  provided  that  the  spacing  between  the  letters  is 
recognized.  These  are  the  two  imderlying  features  upon  which 
the  selecting  mechanism  of  the  printer  is  designed. 

If  a  space  occurs  in  the  tape  neither  of  the  pair  of  selecting 
needles  opposite  this  position  will  find  entry  through  the  guide 
plates,  and  will  consequently  permit  the  space  lever  which 
they  control  to  remain  in  position  to  block  the  downward  move- 
ment of  the  feed  rack.  If  a  space  position  occurs  opposite, 
say,  the  sixth  pair  of  needles,  the  rack  will  move  down  to  that 
position  so  that  on  its  upward  movement  it  will  cause  the 
toothed  wheel  and  feed  wheel  to  rotate  and  carry  forward 
the  tape  an  equal  distance.  If  the  space  occurs  opi)osite  the 
second  pair  of  needles,  which  would  be  the  case  for  the  letter 
e,  then  the  tape  is  fed  upwards  two  space  holes. 

If  one  or  both  of  the  needles  of  a  horizontal  pair  finds  entry 
through  perforations  in  the  tape,  the  space  lever  is  moved 
clear  of  the  feed  rack. 

The  valve  selecting  levers  are  controlled  by  the  selecting 
needles  which  engage  with  the  lower  row  of  signal  perforations 
only.  When  one  of  these  levers  is  pushed  forward  by  a  select- 
ing needle,  it  is  in  position  to  be  moved  laterally  by  the  rack 
which  has  a  lateral  motion  imparted  to  it  at  the  right  moment, 
by  a  cam. 

Although  selecting  needles  below  a  space  position  enter 
the  signal  holes  of  the  next  or  part  of  the  next  letter  combina- 
tion on  the  tape,  and  carry  with  them  the  valve  selecting 
levers,  these  levers  are  not  acted  upon  by  the  rack  because 
it  does  not  descend  so  far. 

Consequently,  only  those  selected  levers  above  the  space 
position  are  moved  to  the  left  and  they  carry  with  them  the 
slide  valves  to  which  they  are  fixed. 

As  soon  as  the  slide  valves  have  been  moved  they  are  com- 
pressed between  the  two  stout  plates  forming  the  slide-valve 
chamber.    The  main  air  valve  is  then  opened  by  cam  action, 
admitting  compressed  air  to  the  slide-valve  chamber,  wh^oe^|JMM 
it  finds  passage  through  the  ten  valve  plates  by  the  one  hoW'^^M 
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made  available  by  the  particular  valve  setting,  and  forces 
up  the  small  piston  which  actuates  the  corresponding  type  lever. 
The  slide-valve  chamber  is  then  opened,  and  the  valves 
are  returned  to  normal  position.  Meanwhile  the  paper-lifting 
rack  is  drawn  up  by  cam  action  and  in  its  upward  moment 
it  engages  the  toothed  wheel  T  W  so  that  the  paper  tape  is 
drawn  up  the  proper  distance  for  the  selection  of  the  next 
letter.  The  path  of  movement  of  the  rack  forms  a  narrow 
rectangle,  the  length  of  which  is  determined  by  the  length 
of  space  occupied  on  the  tape  by  the  letter  combination 
printed. 


^TAPt 
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Fig.  9 


It  will  be  seen  that  the  differential  feed  of  the  tape  involves 
a  selecting  mechanism  which  is  not  required  in  the  case  of 
systems  using  an  equal  unit  code,  which  are  described  later. 

This  printer  has  been  operated  in  laboratory  tests  up  to  130 
words  per  minute,  but  for  commercial  use  it  is  found  best  to 
work  it  at  a  speed  not  exceeding  100  words  per  minute. 

The  air  pressure  required  is  the  same  as  for  the  perforator. 

Murray  Automatic  System 

The  Murray  Automatic  System  is  not  widely  used,  but 
where  it  has  been  installed  it  has  rendered  good  service. 

At  the  transmitting  station  the  method  of  operation  closely 
resembles  the  Creed.  A  number  of  operators  perpare  the 
messages  on  paper  tapes  by  means  of  keyboard  perforators. 
This  tape  has  feed  holes  identical  with  those  on  the  Wheat* 
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stone  tape,  but  with  signal  holes  in  alignment  with  the  feed 
holes,  on  the  lower  side  only.  The  perforated  tapes  are  passed 
to  the  transmitter  operator  who  feeds  them  into  the  transmitter. 

At  the  receiving  station  the  messages  are  received  on  a 
receiving  perforator  which  produces  a  perforated  tape  identicsd 
with  that  fed  into  the  transmitter  at  the  sliding  station. 
This  tape  is  then  passed  into  an  automatic  printer  which 
prints  the  messages  in  page  form  ready  for  delivery.  In 
addition  to  the  advantage  of  the  shorter  code  used  this  system 
eliminates  the  gununing  process  as  used  in  the  Creed. 

Fig.  9  shows  the  appearance  of  Murray  automatic  tape.  In 
this  case,  every  letter  and  symbol  occupy  the  same  length 
of  tape  (one-half  inch)  so  that  a  differential  tape  feed  feature 
is  eliminated  in  the  perforator,  the  tape  being  fed  forward 
through  the  perforator  letter  by  letter.  Only  five  punches 
are  needed,  all  combinations  being  formed  by  various  groupings 
of  these. 

The  vertical  marks  on  the  tape  after  every  fifth  hole  are  for 
the  purpose  of  enabling  the  operators  to  read  the  signals. 

The  transmitter  is  driven  by  a  phonic  wheel  motor  which 
is  controlled  by  a  vibrating  reed.  The  unloaded  reed  is  de- 
signed to  vibrate  at  a  certain  speed  and  by  loading  it  with 
weights,  which  can  be  fixed  at  any  position  along  the  reed, 
the  speed  can  be  reduced.  The  speed  of  the  transmitter  can 
be  adjusted  by  this  means  over  a  considerable  range. 

In  the  Murray  automatic  transmitter  (Fig.  9)  only  one  select- 
ing pin  S  P  is  needed.  The  tape  feed  wheel  F  W  is  coupled 
direct  to  the  phonic  wheel  motor  whilst  the  eccentric  wheel 
E  W  is  geared  to  rotate  at  ten  times  the  speed  of  the  feed 
wheel,  that  is,  once  for  each  sprocket  of  the  feed  wheel.  For 
each  rotation  of  the  eccentric  wheel  E  W,  the  oscillating  lever 
0  L  makes  one  complete  movement,  canying  with  it  the  thrust 
lever  T  L.  If  there  be  no  signal  hole  in  the  tape,  the  selecting 
pin  S  P  does  not  rise  so  that  the  thrust  lever  T  L  strikes  the 
upper  or  spacing  thrust  bar  STB  and  carries  it  past  the  dead 
center  point  of  the  jockey  roller  J  R.  The  contact  lever  C  L, 
therefore,  makes  contact  with  the  right-hand  battery  contact 
point. 

At  the  next  step  of  the  feed  wheel  F  W  the  eccentric  wheel 
E  W  makes  another  complete  revolution  and  the  thrust  lever 
T  L  again  moves  to  the  right.  If  no  signal  hole  exists  movement 
of  the  thrust  lever  T  L  will  be  identical  with  its  previous  movi^ 
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ment.  The  contact  lever,  however,  remains  in  the  position 
set  by  the  previous  thrust,  due  to  the  jockey  roller  J  R. 

If  the  next  step  of  the  feed  wheel  brings  a  signal  hole  in  line 
with  the  selecting  pin  S  P  the  thrust  lever  T  L  will  be  tilted 
downward  and  will  strike  the  lower  or  marking  thrust  bar 
MTB  and  cause  the  contact  lever  to  make  contact  with  the 
other  pole  of  the  battery. 

With  this  transmitter  operating  at  a  speed  of  120  words  per 
minute  the  pin  selecting  mechanism  is  required  to  operate 
at  the  rate  of  60  times  per  second,  that  is,  the  eccentric  wheel 
E  W  makes  60  revolutions  and  the  thrust  lever  oscillates  60 
tunes  per  second. 

Murray  Automatic  Receiving  Perforator.  The  circuit  arrange- 
ments of  the  Murray  receiving  perforator  are  shown  in  Fig.  10. 

The  vibrating  reed  V  jB  is  provided  with  a  weight  W  fixed 
at  some  point  along  the  reed  so  that  the  rate  of  vibration  of 
the  reed  will  be  slightly  faster  than  twice  the  frequency  of  the 
incoming  signals.  The  reed  is  kept  in  constant  vibration  by 
means  of  the  local  battery  L  B,  the  circuit  being  via  the  con- 
tact y,  the  vibrating  magnet  and  the  back  or  front  contact 
of  the  governing  relay.  The  amplitude  of  vibration  is  limited 
by  the  buffer  springs  B  S,  If  the  amount  of  energy  acting 
ui)on  the  reed  be  increased,  the  rate  of  vibration  increases. 
Conversely,  if  the  amount  of  energy  be  reduced,  the  rate  of 
vibration  is  reduced.  The  punching  and  governing  relays 
are  connected  in  series  from  the  M  or  marking  contact  of  the 
line  relay.  The  punching  magnet  is  operated  when  the  tongue 
of  the  punching  relay  is  pulled  up  and  the  contact  P.  on  the 
reed  is  closed.  Consequently,  if  the  tongue  of  the  line  relay 
remains  in  the  marking  position  the  punching  magnet  will  be 
operated  each  time  the  vibration  of  the  reed  closes  the  contact 
P.  The  spacing  magnet  is  operated,  when  the  S  contact 
of  the  reed  is  closed.  If  no  signals  are  passing  the  spacing 
magnet  continues  to  feed  forward  the  tape,  but  after  about 
a  foot  of  blank  tape  has  passed  an  automatic  switch  A  S — a 
small  mechanical  device — opens  the  circuit  of  the  spacing 
magnet  S  M  and  the  tape  is  stopped.  The  first  marking 
signal  closes  this  switch  and  it  remains  closed  so  long  as  signals 
are  passing.  The  actuation  of  the  spacing  magnet  operates 
the  escapement  mechanism  on  the  motor  drive  shaft  M  D  S, 
It  will  be  obvious  that  the  punching  and  spacing  magnets 
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work  alternately,  the  tape  being  fed  forward  when  the  punch 

has  been  withdrawn. 

Speed  Control  of  Reed.    Jhe  frequency  of  the  reed  is  adjusted 

to  be  about  2  per  cent  or  3  per  cent  faster  than  twice  that  of 

the  incoming  signals  and*this  frequency  will  be  maintained 

so  long  as  the  tongue  of  the  governing  relay  is  stationary  or 

moves  from  one  contact  to  the  other  at  the  same  instant  that 
the  V  contact  on  the  reed  is  closed. 

Actually,  the  incoming  signals  cause  the  governing  relay 
to  be  operated  slightly  out  of  phase  with  the  closing  of  the 
contact  V  on  the  reed,  so  that  the  amoimt  of  energy  passing 
through  the  vibrating  magnet  is  reduced  until  the  contacts 
are  again  simultaneous.  Consequently,  the  frequency  of  the 
reed  is  reduced  momentarily.  When  signals  are  passing, 
speed  correction  of  the  reed  by  this  means  may  take  place 
about  two  or  three  times  per  letter  signals  if  such  be  nec- 
essary, but  generally  the  si)eed  of  the  reed  is  such  that  one  cor- 
rection i)er  six  or  seven  letters  is  sufficient  to  maintain  unison. 

Printer.  The  latest  type  of  Murray  high  speed  printer 
comprises  six  horizontal  slotted  combs,  five  of  which  have  a 
selecting  needle  fitted  on  one  end  for  engaging  with  perforations 
in  the  tape.  The  sixth  comb  has  no  selective  needle.  Mounted 
in  front  of  the  slotted  combs  is  a  series  of  vertical  selecting 
bars.  A  small  electric  motor  drives  the  main  shaft  which 
extends  across  the  whole  length  of  the  base  and  all  movements 
are  controlled  by  a  series  of  cams  mounted  on  this  shaft. 

The  tape  is  fed  round  a  wheel  which  acts  both  as  a  feed- 
wheel  and  a  guide  for  the  selecting  needles. 

The  type  bars  are  only  2  inches  in  length  and  in  order  to 
have  them  all  strike  at  the  same  position  on  the  platen  they 
are  mounted  in  a  circle.  Connecting  rods  are  led  down  from 
the  t3T)ebars  to  a  series  of  hooks  one  of  which  is  positioned 
in  front  of  each  vertical  selecting  bar. 

The  tape  wheel  is  advanced  against  the  selecting  needles 
so  that  those  which  find  a  blank  in  the  tape  are  pushed  to  the 
left  leaving  the  selected  needles  with  their  slotted  combs  in 
place.  The  next  movement  in  the  cycle  of  operation  is  the 
withdrawal  of  the  restoring  bar  permitting  all  vertical  bars 
to  move  forward,  but  only  one  vertical  bar  finds  a  free  path 
to  move,  the  others  being  stopped  by  the  blank  portions  of 
the  slotted  combs.  The  bar  so  selected,  pushes  forward  the 
hook  immediately  in  front  of  it,  placing  it  in  the  path  of  the 
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striker  bar.  As  soon  as  the  striker  bar  comes  down,  and 
engages  with  the  hook  the  restoring  bar  pushes  back  the  verti- 
cal selecting  bar  so  that  the  setting  up  of  the  next  letter  combi- 
nation may  be  proceeded  with.  This  overlapping  of  the  cycle 
of  operation  is  a  distinct  advantage  permitting  a  slower  opera- 
tion of  moving  parts  and  consequently  less  wear  and  tear. 

With  five  slotted  combs  only  31  combinations  can  be  made, 
but  by  adding  a  sixth  comb,  which  can  occupy  one  of  two 
positions,  the  nimiber  of  selections  can  be  doubled.  Only 
56  selections,  however,  are  required.    The  sixth  bar  is  moved 


FIGURE-SHIFT 


bWujUIT^ 


PRINTER 


Fig.  11 

when  the  "figure  shift"  signal  occurs  in  the  tape.  The  vertical 
bar  selected  by  this  signal  combination  causes  the  sixth  slotted 
comb  to  slide  in  the  same  way  as  do  the  five  selecting  combs 
and  in  this  position  all  the  vertical  selector  bars  associated  with 
lower  case  characters  are  rendered  non-selectable  whilst  the 
vertical  bars  associated  with  the  upper  case  characters  may 
now  be  selected.  The  "letter  shift"  signal  restores  the  sixth 
slotted  comb  to  normal. 

Fig.  11  shows  the  selecting  mechanism  of  the  old  Murray  ^^ 
automatic  orinter.  which  does  not  differ  fundamentally  froniuiflH 
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that  of  the  new  high-speed  printer.     In  the   new   machine, 
however,  typewriter  keys  are  not  provided. 

Siemens  &  Halske  High  Speed  System 

The  Siemens  and  Halske  is  another  type  of  high-apeed  system. 

At  the  sending  end  the  operations  are  practically  identical 
with  those  of  the  Creed  and  Mmray  Automatic  in  having 
several  perforating  operators  and  one  transmitting  operator. 

At  the  receiving  station  the  perforated  tape  is  eliminated, 
the  messages  being  printed  on  a  tape  direct  from  the  line 
signals.    This  tape  is  pasted  on  the  message  blanks. 


FiQ.  12 


This  system  shows  a  further  development  in  that  the  inter- 
mediate process  of  perforating  a  tape  at  the  receiving  station 
is  eliminated,  but  the  gumming  process  is  continued. 

Fig.  12  shows  the  high-speed  transmitter,  used  in  the  Siemens 
and  Halske  printer  system.  The  tape  in  this  system  is  per- 
forated on  a  keyboard  perforator.  The  five-unit  code  is  used, 
so  that  a  maximum  of  five  perforations  is  required  per  letter 
combination.  The  tape,  however,  differs  from  the  Murray 
*"'    oatic  tape  in  this  respect,  the  signal  perforations  are 
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made  across  the  tape  instead  of  along  it,  so  that  a  space  of 
only  0.1  in.  per  letter  is  required,  a  wider  tape  being  used. 

With  this  form  of  perforated  tape  the  transmitting  mechan- 
ism must  include  means  for  securing  the  proper  sequence  of 
signals.  This  is  achieved  by  using  a  rotating  distributor 
which  consists  of  two  metal  rings  over  which  contact  brushes 
psLSS  at  the  rate  of  one  revolution  per  letter.  One  ring  is 
solid,  the  other  is  divided  into  five  equal  segments. 

Fig.  12  shows  the  general  arrangement  of  the  transmitting 
circuit.  The  perforated  tape  has  two  rows  of  feed  holes  for 
ensuring  its  accurate  movement  over  the  six  contact  fingers 
which  are  located  below  the  tape.  When  blank  tape  is  being 
fed  through  the  transmitter,  the  centrally  pivoted  fingers  are 
held  down  by  the  tape  so  that  they  rest  against  their  upper 
contact  stops. 

When  no  tape  is  in  the  transmitters  all  fingers  are  free  to 
rise,  and  the  sixth  or  top  finger  then  closes  a  circuit  through 
the  coupling  magnet  and  the  switching  relay  S  R.  Actuation 
of  the  coupling  magnet  withdraws  the  clutch  D  C,  thereby 
stopping  the  transmitter.  The  function  of  the  switching 
relay  will  be  referred  to  later. 

In  rising,  the  five  selecting  fingers  which  engage  with  the 
signal  i)erforation  in  the  tape,  make  contact  with  their  lower 
stops.  The  upper  contact  stops  are  connected  to  the  positive 
pole  of  the  local  transmitting  battery  and  the  lower  stops  to 
its  negative  pole.  The  five  selecting  fingers  are  connected  to 
the  five  segments  of  the  transmitting  ring.  The  selecting 
fingers  are  not  in  lateral  alignment;  the  second  finger  is 
0.020  in.  to  the  left  of  No.  1,  No.  3  is  0.020  in.  to  the  left  of 
No.  2  and  so  on,  so  that  as  the  tape  is  drawn  over  them  they 
engage  with  the  perforations  in  sequence  and  No.  1  engages 
immediately  after  No.  5  has  engaged  with  a  perforation  of 
the  preceding  lateral  group  of  perforations.  The  distributor 
brushes  are  so  geared  that  at  the  moment  finger  No.  1  engages 
with  a  perforation  the  brushes  start  to  sweep  over  segment  1 ; 
when  finger  No.  2  engages  with  a  perforation  the  brushes 
start  to  sweep  over  segment  2  and  so  on.  The  solid  ring  which 
is  in  connection  with  the  segmented  ring  through  the  rotating 
brushes  is  connected  through  a  condenser  to  the  transmitting 
relay.  Consequently,  when  a  perforated  tape  is  inserted  and 
the  selecting  fingers  are  set  up  in  different  combinations,posi- 
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tive  and  negative  impulses  will  pass  through  the  transmitting 
relay  and  actuate  it. 

When  no  tape  is  in  the  transmitter  the  transmitting  relay 
would  remain  at  rest,  sending  out  either  a  steady  positive  or 
negative  current.  As  the  system  is  a  synchronous  one  and  the 
maintenance  of  synchronism  between  the  two  ends  of  the  line 
is  dependent  upon  the  reception  of  signals,  provision  is  made 
for  sending  a  signal  once  per  revolution  in  the  following  manner: 

The  switching  relay  is  actuated  when  there  is  no  tape  in 
the  transmitter,  as  has  already  been  described.    The  actua- 
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Fig.  13 


tion  of  this  switch  removes  the  normal  battery  connection 
to  the  selecting  fingers  and  connects  negative  battery  direct 
to  segment  3  and  positive  battery  to  segment  4  of  the  dis- 
tributor. 

Consequently,  the  transmitting  relay  will  send  out  a  reversed 
pulse  each  time  the  brush  sweeps  over  segment  3. 

Receiving.  The  receiving  apparatus  of  the  Siemens  and 
Halske  system  comprises  a  distributor  with  rotating  brushes 
which  make  one  revolution  per  letter. 


1920] 


JOHN  H.  BELL 


189 


One  noteworthy  feature  of  the  system  is  the  use  of  storing 
relays  which  provides  an  overlap  arrangement. 

Fig.  13  shows  the  line  and  local  relays  with  the  receiving 
ring  of  the  distributor  and  the  storing  relays.  The  storing 
relays  are  polarized  and  are  arranged  in  pairs  as  shown.  The 
switch  S  is  reversed  mechanically  at  each  revolution  so  that 
relays  a,  b,  c,  d,  and  e  are  connected  in  sequence  to  the  tongue 
of  the  distributor  relay  for  one  revolution  and  relays  a',  5',  c' 
d'  and  e'  for  the  next. 
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The  distributor  relay  is  actuated  from  the  tongue  of  the 
line  relay  through  the  condenser  K  and  follows  the  movements 
of  the  linci  relay.  During  the  reception  of  signals  forming  one 
letter  combination  the  brush  makes  one  complete  revolution. 
Assuming  the  armature  of  the  relays  move  to  the  "up"  or 
U  position  when  a  positive  impulse  passes,  and  to  the  "down" 
or  D  i)osition  when  a  negative  impulse  passes,  then  a  letter  com- 
bination, say  +  H h ,  would  cause  the  armature  of  relays 

a  b  and  e  to  move  to  the  up  position  and  the  tongues  of  relays 
e  and  d  to  the  down  position.    Being  polar  relays  the  to 
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remain  in  the  position  set  until  reversed  by  an  impulse  of  oppo- 
site polarity. 

At  the  next  revolution  the  next  combination  would  be  set 
up  on  relays,  a\  6',  c',  d'  and  e'.  Meanwhile,  the  set-up  on 
the  relays  a,  6,  c,  d,  and  e  is  used  to  effect  the  selection  and 
printing  of  the  previous  letter. 

Fig.  14  shows  the  translator  portion  of  the  distributor.  It 
comprises  six  segmented  rings.  These  are  connected  to  the 
contacts  of  the  storing  relays  shown  in  the  preceding  figure. 
The  tongues  of  each  pair  of  relays  are  connected  to  switches 
Si  Si  Ss  Sa  and  S^,  which  are  reversed  once  per  revolution, 
the  reversal  taking  place  whilst  the  brushes  sweep  over  the 
short  blank  portion  of  the  rings. 

The  brushes  are  mounted  on  the  same  shaft  as  the  tyi)ewheel 
and  the  letters  are  arranged  around  the  periphery  of  the  type- 
wheel  to  accord  with  the  code  used. 

As  the  brushes  sweep  over  the  blank  portions  of  the  rings, 
the  condenser  PK  is  charged  by  being  connected  across  the 
+  and  —  poles  of  the  battery.  The  operation  of  the  trans- 
lator will  readily  be  understood  by  following  the  selection  of 
one  letter.  Assume  that  the  switches  are  in  the  x>osition  shown  : 
and  that  the  tongues  of  relays  a,  6,  and  e  are  "up"  and  those 
of  c  and  d  are  in  the  "down"  position  as  shown  in  the  figure. 
The  segments  which  are  involved  in  this  particular  selection 
are  shown  in  black.  It  will  be  seen  that  when  the  brushes 
reach  segment  14  of  the  first  ring  a  circuit  is  provided  for  • 
the  discharge  of  the  condenser  PK  through  the  printing  mag- 
net. This  magnet  is  actuated,  causing  the  paper  tape  to  be 
impressed  against  the  typewheel. 

The  typewheel  carries  two  series  of  characters,  one  being 
letters,  the  other  figures  and  the  usual  punctuation  marks. 
In  the  normal  position  the  letter  series  is  in  position  for  printing 
and  by  sliding  the  wheel  along  its  shaft  the  figure  series  is 
brought  into  the  printing  position. 

The  positioning  of  the  typewheel  for  printing  letters  or 
figures  is  effected  by  a  shift  magnet  which  is  controlled  by 
a  differentially  wound  polar  relay.  Two  of  the  32  segments 
of  the  first  ring  are  connected  to  the  windings  of  this  polar 
relay  so  that  the  position  of  its  tongue  is  determined  by  the 
"figure  shift"  and  "letter  shift"  signals  which  are  transmitted 
over  the  line. 
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Maintenance  of  Synchronism.  Between  each  of  the  five 
short  receiving  segments  of  the  receiving  ring,  there  are  three 
correcting  segments  as  shown  in  Fig.  15.  As  the  signals  are 
being  received  by  the  line  relay,  the  brush  which  sweeps  over 
this  ring  should  be  on  one  of  the  C  segments,  at  the  moments 
when  the  line  relay  tongue  moves  from  one  contact  to  the  other. 
Under  this  condition,  the  center  portion  of  each  signal  impulse 
is  utilized  far  the  actuation  of  the  storing  relays.  If  the  brush 
is  on  an  iZ  correcting  segment,  it  is  in  advance  of  its  correct 
position  and  must  be  retarded,  if  on  an  A  segment  it  means 
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that  the  motor  has  been  running  slow  and  must  be  accelerated. 

The  speed  of  the  motor  which  carries  the  brushes  is  governed 
by  a  resistance  A  j£  in  series  with  its  armature  and  an  auto- 
matically adjusted  resistance  F  Rin  series  with  its  field  winding. 
If  the  motors  at  the  two  stations  are  running  at  approximately 
the  same  speed,  the  intermittent  shunting  of  the  resistance 
AR  is  sufficient  to  maintain  synchronism.  The  field  resis- 
tance F  Ris  used  to  control  wider  speed  variations. 

When  the  two  motors  are  running  in  synchronism  the  opera- 
tion of  the  correcting  circuit  is  as  follows: 

Assuming  the  armature  of  the  line  relay  just  makes  contac*^  -' 
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with  its  right-hand  contact  when  the  brush  reaches  the  first 
C  segment  of  the  receiving  ring  a  negative  current  impulse 
will  pass  through  the  distributor  i^lay  to  the  mid  point  of  the 
windings  of  the  No.  1  governing  relay,  through  the  left-hand 
winding  of  this  relay  to  the  left-hand  contact  and  upper  tongue 
of  the  No.  2  governing  relay  via  contact  C  to  ground.  The 
armature  of  No.  1  governing  relay  will  be  moved  to  the  right, 
thereby  closing  a  circuit  from  the  negative  pole  of  the  battery 
through  the  No.  2  governing  relay  and  also  inserting  the  resist- 
ance A  i2  in  series  with  the  armature  winding.  The  position 
of  the  No.  2  governing  relay  armature  is  thereby  reversed,  so 
that  when  the  J)rush  reaches  the  second  C  segment  the  circuit 
from  the  negative  pole  will  be  through  the  distributor  relay 
to  the  mid  point  of  the  windings  of  No.  1  governing  relay, 
through  the  right-hand  winding  of  this  relay  to  the  right- 
hand  contact  and  upper  tongue  of  No.  2  governing  relay,  to 
ground  via  the  second  C  segment.  The  No.  1  governing 
relay  is  reversed,  the  resistance  A  i2  is  again  short-circuited  and 
the  armature  of  No.2  governing  relay  which  is  normally  biassed 
is  restored  to  the  position  shown  in  Fig.  15. 

So  long  as  the  brush  is  on  a  C  segment,  at  the  moments  when 
the  line  relay  armature  is  just  making  contact  with  the  nega- 
tive battery  the  armatures  of  the  two  governing  relays  will 
move  from  one  contact  to  the  other.  The  resistance  A  R  will 
be  cut  in  and  out  at  each  movement  of  the  armature  of  No.  1 
governing  relay.  The  lower  tongue  of  No.  2  relay,  which  is 
insulated  from  the  upper  tongue,  controls  the  direction  of  the 
current  through  the  armature  of  the  small  auxiliary  motor 
A  My  so  that  if  this  lower  tongue  moves  rapidly  backwards 
and  forwards  the  armature  of  the  motor  merely  oscillates. 
If,  however,  the  power  connections  to  this  motor  remain  im- 
disturbed  for  a  few  seconds,  the  armature  commences  to  rotate 
and  cause  a  change  in  the  resistance  F  R  which  is  in  series 
with  the  field  of  the  larger  motor. 

Should  the  brush  be  on  an  R  segment,  the  current  impulse 
through  the  condenser  and  the  distributor  relay  will  be  via 
the  left-hand  winding  of  the  No.  1  governing  relay  to  the  R 
segment,  across  the  brush  to  ground.  The  tongue  of  the  No.  1 
governing  relay  will  move  to  the  right,  opening  the  shimt 
across  the  resistance  A  R  and  thereby  producing  a  slight 
reduction  in  the  speed  of  the  motor. 

If  the  brush  is  on  an  R  segment,  when  the  next  correcting 
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impulse  is  generated  the  two  governing  relays  will  remain 
undisturbed.  Consequently,  the  resistance  AR  remains  in 
circuit.  Should  this  condition  continue  for  several  successive 
revolutions  of  the  brush,  the  auxiliary  motor  will  have  time 
to  rotate  and  to  aid  in  retarding  the  speed  of  the  motor  by 
cutting  out  resistance  in  series  with  the  field. 

In  the  event  of  the  brush  being  on  A  segments,  when  cor- 
recting impulses  are  generated,  the  No.  1  governing  relay 
armature  will  move  to  the  left-hand  contact  and  shunt  the 
resistance  AR,  whilst  the  position  of  the  No.  2  governing 
relay  will  reverse  the  direction  of  rotation  of  the  auxiliary 
motor  should  the  lagging  of  the  brush  continue. 


STATION  X 


STATION  Y 


Fig.  16 


The  auxiliary  motor  shaft  is  connected  to  the  adjustable 
rheostat  arm  by  means  of  a  worm  reduction  gearing. 

This  system  is  operated  under  duplex  conditions.  Although 
provision  is  made  for  securing  a  maxm^um  speed  of  about 
160  words  per  minute,  the  normal  working  speed  is  about 
120  words  per  minute  in  each  direction. 

Multiplex  System 

Multiplex  printing  telegraph  systems  are  all  based  on  the 
Baudot  system  which  was  invented  in  1875  by  Emile  Baudot, 
a  Frenchman. 

The  principle  of  the  multiplex  system  is  illustrated  by  Fig.  16. 

If  two  metal  rings  be  each  divided  into  four  segments  of 
uniform  length,  and  contact  brushes,  connected  by  a  wire, 
arranged  to  rotate  in  synchronism,  then  segment  A  at  X 
will  be  in  electrical  connection  with  segment  A^  at  station  Y^ 
during  one  quarter  of  each  revolution  of  the  brushes;  segment 
B  will  be  connected  to  B^  for  a  like  interval  of  time  and  so  (m. 
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Communication  by  automatic  Morse  could  be  carried  on, 
but  it  is  obvious  that  the  speed  of  rotation  would  have  to  be 
such  as  to  permit  of  the  longest  Morse  signal  combination 
being  transmitted  from  each  segment.  There  would  conse- 
quently be  considerable  loss  of  time  when  sending  the  short 
length  signal  combinations.  Transmission  of  one  word  per 
segment  would  be  equally  unsatisfactory  as  words  vary  in 
length.  Obviously,  if  there  is  to  be  no  lost  time,  each  signal 
combination  representing  a  letter  or  symbol  should  occupy 
the  same  length  of  time  in  transmission.  In  order  to  obtain 
sufficient  signal  combinations  to  represent  the  letters  of  the 
alphabet,  it  is  necessary  to  divide  this  time  interval  into 
five  imits,  and  arrange  that  during  each  time  unit  a  selecting 
or  non-selecting  impulse  shall  be  transmitted  over  the  line. 
This  arrangement  will  provide  32  possible  combinations. 
By  adopting  "upper  case"  and  "lower  case"  characters,  as  is 
done  in  typewriter  practise,  and  arranging  that  two  of  the 
signal  combinations  shall  automatically  shift  the  printing 
mechanism,  so  as  to  print  "upper  case"  or  "lower  case"  char- 
acters, the  number  of  selectable  characters  is  practically 
doubled. 

In  completing  this  simple  arrangement  two  things  are  essen- 
tial: 

(1)  Means  for  keeping  the  two  rotating  brushes  in  syn- 
chronism. 

(2)  Means  to  change  the  keyboard  set-up  sp  as  to  send  a 
fresh  letter  combination  at  each  revolution. 

Synchronism  may  be  maintained  in  the  following  manner: 
Assuming  20  segments  are  to  be  used  for  actual  signalling, 
two  extra  segments  are  provided  at  each  end.  In  Fig.  17, 
these  extra  segments  are  numbered  21  and  22.  Segment  21 
at  the  sending  station  is  connected  to  a  battery.  Segment  22 
at  the  receiving  station  is  connected  to  a  relay. 

The  brushes  are  driven  by  electric  motors,  the  speeds  of 
which  are  so  adjusted  that  the  brush  at  station  X  rotates 
slightly  faster  than  that  at  station  Y,  say  about  ^  deg.  or 
1  deg.  per  revolution.  When  the  brushes  are  started  off  in 
synchronism,  they  will  sweep  over  like  numbered  segments 
at  the  same  moment.  The  brush  at  station  X,  however, 
will  gradually  gain  so  that  whilst  the  Y  brush  is  still  on  segment 
21,  brush  at  X  will  be  on  segment  22.  When  this  condition 
exists,  an  impulse  will  flow  from  the  correcting  battery  at  Y 
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connected  to  segment  21  through  the  correcting  relay  at  X. 
If  it  be  arranged  that  the  actuation  of  this  relay  shall  slow  down 
momentarily  the  speed  of  the  motor  at  X  or  else  by  mechanical 
means  retard  the  brush,  the  two  brushes  will  again  be  in  syn- 
chronism. By  this  arrangement  the  duration  of  the  braking 
effect  can  be  made  proportional  to  the  amount  of  retarding 
required. 

With  the  arrangement  of  segmented  rings,  as  shown  in  Fig. 
17,  it  will  be  obvious  that,  as  the  brush  at  the  corrected  station 
must  be  slightly  out  of  phase  with  the  incoming  correcting 
impulses,  before  correction  can  take  place,  it  will  be  out  of 
phase  with  the  incoming  signal  impulses.    Consequently,  an 
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impulse  which  should  flow  say,  via  segment  17  to  the  selecting 
relay  connected  thereto,  may  overlap  and  flow  via  segment 
18  to  another  selecting  relay.  The  overlapping  portion  might 
be  sufficient  to  actuate  this  selecting  relay  and  thus  produce 
defective  selection.  This  is  obviated  by  using  small  segments 
for  the  receiving  ring  so  that  only  the  middle  portion  of  each 
^gnal  impulse  is  utilized  to  actuate  the  selecting  relays. 
Fig.  18  shows  receiving  ring  segments  of  half  the  length  of  the 
sending  segments;  a  represents  signals  in  synchronism  in  which 
case  the  middle  half  of  each  signal  impulse  is  picked  out  for 
actuation  of  the  selecting  relays,  b  represents  the  case  where 
the  brushes  are  ahead  of  their  correct  position,  and  c  represents 
tiie  reverse  condition.  It  will  be  seen  that  only  approximate 
synchronism  is  necessary  to  ensure  that  the  impulses  shall ; 
be  switched  to  the  correct  selecting  relays. 
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This  feature  of  utilizing  only  the  middle  portion  of  each 
signal  impulse  ia  advantageous  also  in  permitting  the  syston 
to  be  operated  with  signals  which  are  considerably  distorted. 
Such  distortion  may  be  caused  by  the  electrical  characteristics 
of  the  line,  or  by  extraneotis  interference  such  as  induction 
from  other  circuits. 
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Baudot  Multiplex 

The  Baudot  Multiplex  System  was  invented  in  1875  by 

Emile  Baudot,  a  telegraph  operator  in  the  French  service. 

Despite  the  fact  that  it  was  put  into  commercial  operation  over 


40  years  ago  it  held  the  field  against  all  competitors  until 
recent  years. 

Next  to  the  conception  of  the  multiplex  principle  as  embodied 
in  the  Baudot,  perhaps  the  most  important  development  was 
the  doubling  of  its  carrying  capacity  by  adapting  it  for  duplex 
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operation,  which  was  successfully  accomplished  in  1910  by 
Mr.  A.  C.  Booth  of  the  British  Service. 

Other  systems,  closely  resembling  the  duplex  Baudot,  and 
incorporating  features  borrowed  from  the  typewriter  have 
nnce  been  developed,  and  these  are  likely  to  supplant  the 
Baudot  in  the  future.  At  the  present  time  a  large  precent^e 
of  the  telegraph  traffic  in  France  is  carried  by  the  Baudot 
system. 

Transmitter.  Transmission  on  the  Baudot  system  is  effected 
by  means  of  small  keyboards  each  having  five  keys  similar 
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to  piano  keys,  four  such  keyboards  {Fig.  19)  being  connected 
to  a  four  channel  or  quadruple  set.  As  the  keys  are  depressed 
they  are  automatically  locked  by  small  hooks  and  remain  in 
the  depressed  position  until  the  brush  has  swept  over  the  five 
segments  of  the  sending  ring  connected  to  the  particular 
transmitter.  An  electromagnet  mounted  in  the  keyboard 
is  then  energized  by  an  impulse  through  a  local  ring  on  the 
distributor,  and  releases  the  hooks,  at  the  same  time  produdng  i 
an  audible  click  in  the  transmitter.    This  gives  a  signal,  ^ 
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termed  the  Cadence  signal,  to  the  operator  who  immediately 
depresses  one  or  more  of  the  keys  setting  up  the  next  lettar 
combination. 

Printer.  There  are  several  types  of  Baudot  printer,  all  of 
which  are  entirely  mechanical  except  the  initial  actuation  of 
the  selecting  magnets.  In  this  paper  it  is  proposed  to  describe 
briefly  the  salient  features  of  the  "Carpentier''  type. 

In  Fig.  20  E  Ml  represents  one  of  the  five  selecting  magnets 
connected  to  the  receiving  segments  on  the  distributor.  These 
five  selecting  magnets  are  moimted  close  together  so  that  their^ 
armatures  A  and  selecting  levers  S  L  are  grouped  together  and 
adjacent  to  their  respective  sliding  selectors  one  of  which 
S  S  is  shown  in  the  figure. 
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Fig.  21 

When  an  electromagnet  is  actuated  its  armature  A  is  pulled 
forward  releasing  the  selecting  lever  S  h.  As  the  rotating 
disk  R  D  moves  roimd  a  selecting  lever  which  has  been  selected 
is  caught  by  the  cam  Ci,  and  thereby  is  caused  to  press 
against  its  corresponding  sliding  selector  S  S  forcing  the  toe 
piece  of  the  sliding  selector  into  the  channel  marker  AS.  A 
selector  lever  which  has  not  been  actuated  remains  on  the  left 
side  of  the  cam  Ci,  as  it  passes,  so  that  its  sliding  selector 
remains  with  its  toe  piece  in  the  channel  marker  N  A  S. 

Immediately  a  selecting  lever  has  performed  its  function 
of  causing  the  sliding  selector  to  be  moved  it  is  restored  to 
normal  by  the  cam  C*  and  its  upper  arm  is  caught  by  the 
armature  A. 
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The  rotating  shaft  driven  by  an  electric  motor  carries  the  disk 
R  D,  the  gear  G,  the  disks  N  AS  and  A  S  and  the  typewheel. 
The  disks  N  AS  and  A  S  are  notched  as  shown  in  Fig.  20.  A 
front  view  of  the  sliding  selectors  is  shown  in  Fig.  21.  Nor- 
mally these  sliding  selectors  rest  with  their  heads  abutting 
against  each  other,  irrespective  of  whether  they  have  been 
selected  or  not.  As  the  disks  rotate  notches  will  pass  under 
their  toe  pieces,  but  no  movement  will  take  place  until  a  notch 
is  under  each  toe  piece.  All  toe  pieces  will  then  drop  into 
the  notches  simultaneously,  causing  the  heads  to  move  to- 
gether towards  the  right.  As  the  disks  continue  to  rotate 
the  toe  pieces  will  be  sharply  thrown  up  by  an  unnotched 
portion  of  the  periphery,  causing  the  heads  to  overshoot  and 
strike  sharply  against  the  releasing  lever  R  L  (Fig.  21).  Actu- 
ation of  this  lever  causes  the  releasing  bar  B  R  to  pull  up  the 
pedal  lever  P  L  which  strikes  the  intermediate  lever  /  L,  and 
removes  the  retaining  pawl  from  the  printer  arm  PA.  The 
printing  mechanism  is  thereby  released,  the  paper  tape  is 
impressed  against  the  tyi)ewheel,  and  the  desired  character 
printed. 

The  typewheel  has  characters  on  31/40ths  of  its  periphery, 
and  whilst  the  blank  portion  of  9/40ths  passes  in  front  of  the 
printing  position  the  printing  arc  is  restored  to  normal. 

Letters  of  the  alphabet  alternate  with  figures  and  symbols. 
When  it  is  desired  to  print  a  figure  or  symbol  the  "figure 
shift"  signal  combination  causes  the  typewheel  to  be  displaced 
from  normal  equal  to  the  angular  distance  between  a  figure 
and  a  letter,  so  that  on  receipt  of  the  next  signal  combination 
a  figure  shall  be  opposite  the  paper  tape  instead  of  a  letter. 
The  typewheel  is  restored  to  normal  by  the  "letter  shift" 
signal  combination. 

The  speed  of  rotation  of  the  typewheel  must  correspond 
approximately  to  that  of  the  distributor  brushes,  and  pro- 
vision for  maintaining  approximate  synchronism  between 
these  instruments  must  be  made. 

The  Baudot  system  is  generally  operated  at  180  revolutions 
of  the  distributor  per  minute  so  that  an  operator  sets  up  letter 
combinations  at  the  rate  of  three  per  second.  Assuming 
six  letters  per  word,  this  is  equal  to  a  speed  of  30  words  per 
minute  per  transmitter  or  120  words  per  minute  for  the  four 
transmitters.  The  system  may  be  operated  duplex,  giving 
a  total  carrying  capacity  of  240  words  per  minute.    One 
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circuit  has  been  in  operation  for  several  years  between  London 
and  Birmingham,  giving  six  channels  in  each  direction — a 
total  carrying  capacity  of  360  words  per  minute. 

Synchronism.  In  the  Baudot  system  the  brush  holder  is  con- 
nected to  the  motor  shaft  through  gears,  and  a  mechanical 
device  actuated  by  the  correcting  relay  causes  one  of  the 
intermediate  gears  to  be  rotated  one  tooth  which  has  the 
effect  of  stepping  back  the  brushes  with  respect  to  the  driving 
shaft. 

Multiplex  With  Tape  Transmission  and  Page  Printing 

There  are  two  multiplex  systems  of  this  type — the  Murriay 
and  that  developed  in  the  research  laboratories  of  the  Bell 
System  in  collaboration  with  the  engineers  of  the  Western  Union 
Telegraph  Company.  The  Murray  system  was  the  forerun- 
ner in  showing  the  advantages  to  be  gained  by  the  u$e  of  key- 
board perforators  instead  of  direct  transmission,  as  in  the 
Baudot  system,  and  in  the  use  of  a  page  printer,  which  turns 
out  finished  messages  ready  for  delivery,  thereby  eliminating 
the  gumming  process. 

A  two-arm  Murray  multiplex  installation  has  been  in  com- 
mercial use  in  England  for  about  ten  years.  The  war,  however, 
prevented  the  manufacture  of  further  installations;  otherwise, 
it  is  probable  that  complete  quadruple  duplex  installations 
of  this  system  would  have  been  in  service  by  this  time. 

The  multiplex  system  designed  in  this  country  resembles 
the  Murray  as  regards  the  use  of  perforators,  page  printers,  and 
rotating  distributors,  but  differs  from  it  in  many  important 
details.  What  will  be  said  in  this  paper  concerning  the  opera- 
tion advantages  of  the  American  multiplex  applies  generally 
to  the  Murray  multiplex. 

The  American  multiplex  system,  like  the  Murray  system,  }s 
based  fundamentally  on  the  duplex  Baudot  system,  and  was 
developed  primarily  to  meet  the  needs  of  the  Western  Union 
Telegraph  Company.  The  further  development  of  the  Amer- 
ican system,  providing  greater  flexibility  by  means  of  forking 
and  extending  the  individual  arm  or  channel,  has  been  de- 
veloped in  the  research  and  development  laboratories  of  the 
Bell  System. 

This  system  differs  from  the  Baudot  system  in  the  following 
respects: 


} 
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Messages  are  first  prepared  on  keyboard  perforators,  instead 
of  being  transmitted  direct  from  five  key  tranamitters.  No 
special  signals  are  transmitted  over  the  line  for  the  purpose 
of  maintaining  synchronism.  Messages  are  printed  in  page 
fona  instead  of  on  tape,  thereby  eliminating  the  gumming 


operation.     For  a  complete  quadruple  duplex  equipment,  that 
is,  one  which  provides  for  the  simultaneous  transmission  of 
eight  messages— four  in  each  direction — there  is  required  at 
each  end  of  the  line: 
Distributor  with  driving  fork  and  impulse  motor 
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Four  transmitters 

Four  keyboard  perforators 

Four  automatic  control  units 

Four  printers 

Line  and  local  relays,  and  duplex  balancing  equipment. 
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Messages  are  first  prepared  as  perforations  on  a  tape,  by 
means  of  a  keyboard  perforator  as  shown  in  Fig.  22.  The 
pi^rf orations  for  each  character  are  made  across  the  tape  and 
occupy  a  space  of  0.1  in.  per  letter  character.  H^ice  a  30- 
word  message  occupies  a  length  of  only  18  inches  of  tape. 

Perforator.  The  perforator  comprises  three  rows  of  keys 
arranged  according  to  standard  typewriter  practise,  which 
control  the  selection  of  the  pimches.  The  depression  of  a  key, 
in  addition  to  effecting  the  selection  of  a  group  of  punches, 
causes  a  circuit  to  be  closed  through  an  electromagnet  whose 
armature  drives  the  selector  punches  through  the  paper  tape. 
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Provision  is  made  for  back  spacing  the  tape,  so  that  in  the 
event  of  an  error  having  been  made,  and  observed  by  the 
operator,  she  may  cancel  it  in  such  manner  that  it  does  not 
appear  on  the  printed  record  at  the  distant  end.  For  instance, 
if  the  word  New  York  is  to  be  perforated,  and  in  error,  the 
0  key  is  depressed  before  the  Y  key  as  shown  at  A  Fig.  23,  the 
tape  would  be  back  spaced  and  all  letters  back  to  and  including 
the  y  would  be  cancelled  as  shown  at  B.  Then  the  word 
would  be  continued  commencing  at  the  Y  as  shown  at  C. 
This  feature  is  referred  to  as  the  "rub-out"  and  permits  the 
operator  to  erase  errors  from  the  tape  which  prevents  them  from 
appearing  in  the  printed  message. 

Transmitter.  The  transmitter.  Fig.  24,  has  five  contact 
levers,  C  L,  insulated  from  each  other  and  controlled  by  five 
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Bdecting  pins,  SP.    The  contact  levers  normally  rest  against 
a  busbar  connected  to  one  pole  of  the  line  battery.    These 


contact  levers  are  connected  to  five  consecutive  s 

the  sending  ring  of  the  distributor.    When  a  selecting  pin 


rises  through  a  signal  hole  in  the  perforated  tape,  its  contact 
lever  moves  over  and  makes  contact  with  another  busbar  coit- 
neeted  to  the  other  pole  of  the  line  battery.  " 
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Normally  each  selecting  pin  tends  to  move  upwards  due  to 
a  tension  spring,  T  S.  Only  those  pins  which  find  a  signal 
hole  in  the  tape,  however,  are  free  to  rise,  the  others  being 
held  down  by  the  blank  section  of  the  tape. 

The  contact  levers  associated  with  those  pins  which  rise 
through  the  signal  holes  move  over  to  the  opposite  busbar. 
Consequently,  the  five  segments  of  the  distributor  connected 
to  the  transmitter  are  placed  in  contact  with  one  or  other  of  the 
two  poles  of  the  line  battery  according  to  the  perforations  in  the 
tap^.  As  soon  as  the  brush  on  the  distributor  has  swept  over 
these  five  segments,  a  ciurent  impulse  which  may  be  termed  the 
"stepping  pulse"  is  made  to  pass  through  the  electromagnet 
which  depresses  all  the  selecting  pins  and  by  means  of  a  ratchet 
and  tape  feed  wheel  similar  to  that  in  the  perforator,  causes 
the  tape  to  be  stepped  forward  ready  for  the  next  letter  com- 
bination to  be  set  up.  Fig.  25  shows  the  transmitter  with 
covers  in  place. 

Auto  Stop.  Although  a  skilled  operator  has  no  difficulty 
in  maintaining  an  ample  length  of  perforated  tape  between 
the  perforator  and  the  transmitter,  conditions  arise  in  normal 
operation  when  a  perforating  operator  may  have  to  suspend 
work  temporarily.  The  transmitter,  however,  continues  to 
feed  forward  the  perforated  tape  and  were  no  provision  made, 
the  tape  would  become  torn  as  soon  as  the  slack  was  taken  up 
between  the  perforator  and  the  transmitter.  This  is  taken 
care  of  by  a  device,  termed  the  *'auto-stop,"  which  consists 
of  a  light  lever  and  a  differentially  wound  relay  connected  as 
shown  in  Fig.  26.  The  lever  is  so  placed  between  the  perforator 
and  the  transmitter  that  the  slack  perforated  tape  sags  be- 
neath it,  but  does  not  touch  it.  The  weight  of  the  long  arm 
of  the  lever  ensures  the  contact  at  C  being  closed.  The 
stepping  pulse  from  the  local  ring  of  the  distributor  to  the 
transmitter  magnet  has  two  paths,  one  via  contact  C,  the 
other  via  contact  Z).  Consequently,  the  current  divides 
equally  between  the  differential  windings  L  and  R,  of  the  relay, 
which  remains  inoperative.  Whenever  the  sag  in  the  tape  is 
taken  up  sufficiently  to  carry  with  it  the  contact  lever,  the 
contact  at  C  is  opened,  so  that  the  next  stepping  inpulse  from 
the  local  ring  of  the  distributor  passes  through  one  winding 
only  of  the  differential  relay  and  actuates  the  relay.  Its 
armature  causes  contact  at  E  to  be  made  and  that  at  D  to  be 
broken.    The  relay  is  therefore  locked  up  and  the  magnet  of 
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the  transmitter  is  energized.  So  long  as  this  ccmdition  -  is 
maintained  the  selecting  pins  of  the  transmitter  are  held  in  the 
podtioa  for  transmitting  the  "blank"  signal  which  has  no 
effect  whatever  upon  the  printer  at  the  distant  station. 

As  soon  as  the  operator  commences  perforating  and  the 
slack  tape  alkms  the  contact  lever  to  drop,  the  first  "stepping 
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pulse"  will  cause  the  unlocking  of  the  differential  relay  and 
normal  transmitting  conditions  to  be  restored. 

Aulo  Control.  While  not  an  essential  element  of  the  system, 
the  auto  control  is  a  dfesirable  adjunct.  In  order  to  save  time, 
it  is  advantageous  to  be  able  to  signal  the  distant  station 
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operator  without  having  to  wait  until  a  message  in  course 
of  transmission  has  been  completed,  and  it  is  essential  that 
such  signals  shall  not  involve  mutilation  of  the  printed  record 
of  such  message. 

This  is  seciu^  by  means  of  the  "auto  control"  device  which 
is  connected  in  the  circuit  between  the  transmitter  and  the 
sending  ring  of  the  distributor.  The  "auto  stop"  feature  is 
incorporated  in  this  device,  the  circuits  being  inter-connected, 
but  for  the  sake  of  clearness  the  auto  control  circuit  alone 
is  shown  in  Fig.  27. 

The  auto  control,  therefore,  is  a  device  for  automatically 
stopping  the  transmission  of  a  message  and  for  sending  over 
the  line  the  necessary  signals  to  ring  a  bell  mounted  on  the 
printer,  at  the  distant  station.  Provision  is  made  for  ringing 
the  bell  once,  twice,  up  to  five  times  in  success|i6n.  A  code 
of  signals  can  be  used.    For  example: 

1  ring  may  mean  "stop" 

2  rings  "  "  "rerun  last  message" 

3  rings  «  «  "repunch    «          «      ..         ' 

4  rings  «  «  "start" 

5  rings  "  "  "attendant"  or  "supervisor." 

The  auto  control  consists  of  a  starting  sector  or  handle  with 
five  finger  positions,  connected  to  a  small  spring  motor,  three 
cams  rigidly  mounted  on  a  spindle,  acting  upon  three  separate 
groups  of  contact  springs  and  an  escapement  wheel  controlled 
by  an  electromagnet  as  shown  by  Fig.  28.  The  starting  handle 
is  actuated  by  inserting  a  finger  in  one  of  the  five  finger  posi- 
tions and  pulling  it  forward  to  its  starting  position  which  is 
determined  by  a  finger  stop.  The  spring  motor  is  wound  up 
by  this  forward  movement  and  when  the  finger  is  removed,  the 
motor  causes  the  spindle  carrying  the  three  cams  to  be  rotated, 
at  the  same  time  restoring  the  handle  back  to  normal  posi- 
tion. The  "stepping  pulses"  which  normally  actuate  the 
electromagnet  of  the  transmitter  are  diverted  so  as  to  actuate 
the  electromagnet  controlling  the  escapement  wheel  of  the 
auto  control  device  so  that  the  cams  are  rotated  one  step  for 
each  "stepping  pulse." 

In  order  that  the  circuits  may  be  readily  traced,  dotted 
lines  have  been  drawn  to  show  the  position  of  the  middle 
springs  on  the  cams  at  each  step.  The  normal  position  of  the 
springs  is  shown  in  Fig.  27. 
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The  first  step,  that  is,  to  position  marked  No.  2;  causes 
the  middle  spring  of  cams  1  and  3  to  be  raised.  '  The  polarity 
of  the  right  hand  contacts  on  the  transmitter  is  changed  from 


positive  to  negative  by  the  action  of  cam  3  whilst  the  actua- 
tion  of  the  spring  on  cam  CI  causes  segment  3  on  the  sending 
ring  to  be  connected  to  the  positive  line  battery,  irrespective 
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of  the  polarity  applied  to  the  third  contact  lever  of  the  trans- 

mitter«    Consequently,  the  five  segments  will  send 1 , 

which  is  the  "figure  shift"  signal.  This  will  actuate  the  printer 
at  the  distant  station  and  adapt  it  for  "upper  case"  operation. 
The  next  step  forward  of  the  cams  will  cause  all  springs  to  be 
raised.    This  will  reverse  the  polarity  applied  to  the  fifth 

segment  so  that  the  next  signal  transmitted  will  be 1 h, 

which  in  the  "upper  case"  is  the  combination  for  "signal"  or . 
"bell."    The  effect  of  this  will  be  to  cause  the  bell  to  ring  at 
the  distant  station  printer. 


rw 


MO 


SM 


^   SM 


Fig.  29 


At  the  third  step  of  the  cams,  the  middle  spring  of  cam  3 
only  will  be  raised,  so  that  negative  voltage  is  applied  to  all 
segments.  This  is  the  "letter  shift"  signal  and  causes  the 
typewheel  of  the  printer  to  be  restored  to  normal.  The  fourth 
step  restores  the  circuit  conditions  to  normal  ready  for  trans- 
mitting direct  from  the  transmitter. 

This  cycle  of  operation  is  repeated  one,  two,  three  or  fou 
times,  according  to  the  setting  of  the  handle.    None  of  the 
signals  transmitted  by  the  auto  control  device  actuates  the 
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spadog  or  lateral  movement  of  the  paper  carriage  so  that 
tiie  auto  control  may  be  operated  whilst  the  printer  is  in 


the  middle  of  a  word.  When  the  auto  control  signals  have 
been  sent,  the  normal  transmission  of  the  message  continues, 
and  the  printer  completes  the  unfinished  word. 


Printer.    The  printer  is  of  the  movable  paper  carriage  type, 
uid  all  operations  such  as  causing  the  paper  carriage  to  be 
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returned  for  the  printing  of  a  new  line  and  moving  the  paper 
upwards  equal  to  the  distance  between  lines,  are  perfonned 
automatically  under  control  of  signals  from  the  sending  station. 


A  typewheel  TW,  Fig.  29,  mounted  on  a  vertical  shaft,  is 
made  to  rotate  by  means  of  a  small  electric  motor.  Project- 
ing from  the  typewheel  shaft  is  a  short  arm  5  A,  the  free  end 


1920]  JOHN  H.  BELL  211 

of  which  just  cleans  the  ends  of  the  selector  bars  S  B.  When 
stopped  by  a  raised  selector  bar,  the  typewheel  is  so  positioned 
as  to  print  the  particular  letter  associated  with  that  selector 
bar.  Nonnally,  the  selector  bars  are  held  down  by  the  semi- 
circular ends  of  the  armature  levers  R  M  A  o{  two  release 
magnets  RM,  Fig.  29. 

The  five  horizontal  selector  disks  are  mounted  aroimd  a  hol- 
low drum  or  shaft  enclosing  the  tyi>eshaft.  Each  disk  has 
notches  so  arranged  around  its  periphery,  that  when  one  of 
the  disks  is  moved  through  a  small  angle,  a  notch  on  each  of 
the  disks  will  be  in  vertical  alignment  so  as  to  permit  the 
vertical  leg  of  one  selector  bar  to  move  inwards.  If  two 
disks  are  moved,  the  alignment  of  notches  will  occur  opposite 
another  selector  bar,  if  three  disks  are  moved  the  alignment 
will  take  place  opposite  still  another  selector  bar  and  so  on. 
With  five  selecting  disks,  32  possible  selections  are  available. 
There  are  31  selecting  bars,  each  one  of  which  is  associated 
with  a  character  to  be  printed,  or  contacts  to  be  closed  to 
cause  one  of  the  several  functions  which  the  printer  has  to 
perform.  One  selection  is  not  used,  since  it  is  desirable  to  have 
one  combination  whidi  will  cause  no  operation  in  the  printer. 
The  selector  bar  on  the  right.  Fig.  29,  is  shown  as  a  function 
or  "stunt'*  bar.  These  functions  are  "space,"  "carriage 
return,"  'Tine  feed,"  "figure  shift,"  "letter  shift"  and  "bell." 

The  typewheel  is  moimted  on  the  typeshaf  t  in  such  a  manner 
that  it  may  be  raised  so  as  to  bring  a  second  row  of  characters 
opposite  the  printer  hammer.  This  operation  is  performed 
by  means  of  the  shift  magnet  SM,  as  shown  in  Fig.  30.  When 
the  "figure  shift"  signal  is  received,  a  "stunt"  bar  is  selected 
and  closes  the  contacts  of  the  shift  magnet  SM.  When  the 
*lettershift"  signal  is  received,  another  "stunt"  bar  is  selected, 
which  opens  the  circuit  of  the  "shift  magnet"  and  the  type- 
wheel  is  brought  down  to  its  normal  position. 

The  paper  on  which  the  messages  are  printed  is  fed  round 
the  platen  of  the  paper  carriage  which  slides  laterally  on  a 
square  shaft.  Fig.  31  shows  the  printer  with  all  covers  re- 
moved. Fig.  32  shows  an  operating  table  with  all  equipment 
m  position. 

Dtstributors.  The  distributor  face  plate  consists  of  eight 
rings,  four  being  solid  and  four  segmented,  as  shown  in  Fig.  33. 
The  rings  are  associated  in  pairs,  one  segmented  and  the  other 
solid.    The  two  brushes  which  sweep  over  the  two  rings  of 
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a  pair  are  in  electrical  contact  with  each  other  so  that  the 
solid  ring  is  connected  in  sequence  to  all  the  segments  of  its 
aasociated  ring,  once  per  revolution.  The  outo-  or  receiving 
ring  has  40  segments  and  is  associated  with  the  fifth  ring. 
The-second  or  correcting  ring  (40  segments)  is  associated  with 
the  sixth  ring.  No.  3  is  the  sending  ring  (20  segments)  and 
is  associated  with  No.  7.  The  innermost  segmented  ring 
(20  segments)  is  termed  the  "local"  and  is  associated  with 


Fig.  34 


the  innermost  solid  ring.  The  brushes  are  made  from  thin 
copper  wire  and  make  contact  on  one  segment  only  at  a  time. 
They  are  mounted  on  a  balanced  brush  holder  which  is  carried 
by  a  spindle  projecting  through  the  center  of  the  face  plate. 

Two  types  of  distributors  have  been  designed,  one  in  which 
the  brush  holder  spindle  is  directly  connected  to  the  shaft 
of  the  driving  impulse  motor  and  the  other  in  which  intermedi- 
ate gearing  is  introduced  between  these  parts,  for  a  purpose 
which  will  be  described  later. 
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The  La  Cour  or  phonic  wheel  motor  together  with  the 
electrical  driving  fork  is  shown  in  schematic  form  in  Fig.  34. 

The  fork  carries  two  contact  springs  R  and  P  in  electric 
contact  with  the  fork  itself.  Mounted  below  the  tines  of  Uie 
fork  is  an  electromagnet  /  for  causing  the  fork  to  vibrate. 
When  the  tines  are  not  loaded  with  weights  M  L  the  fork 
vibrates  at  the  rate  of  approximately  55  cycles  p^*  second.. 
If  a  slower  rate  is  desired,  weights  are  fixed  on  the  tines  as 
shown  in  the  figure.  The  rate  of  vibration  can  be  varied 
between  25  and  55  cycles  by  this  means.     Provision  is  made 
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for  effecting  small  changes  in  speed,  by  means  of  additional 
weights  near  the  base  of  the  fork,  which  are  so  mounted  as  to 
be  slidable  along  the  tines  by  an  adjusting  screw  operated  by 
a  handle  or  knob  at  the  end  of  the  fork.  This  adjustment 
can  be  made  whilst  the  fork  is  in  vibration.  A  photograph 
of  the  fork  is  shown  in  Fig.  35.  In  the  case  of  a  quadruple 
or  a  four  arm  installation,  the  speed  of  the  fork  in  cycles  per 
second  corresponds  to  the  speed  of  operation  of  each  channel 
in  words  per  minute,  so  that  if  the  fork  vibrates  at  50  cycles 
per  second  each  transmitter  operates  at  a  speed  of  50  word? 
per  minute. 
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The  phonic  wheel  motor  has  an  armature  so  shaped  as  to 
form  ten  teeth  or  polefaces,  equally  spaced,  around  the  peri- 
phery. Moimted  90  deg.  apart  are  four  electromagnets  with 
polefaces  shaped  so  as  to  be  concentric  with  the  edge  of  the 
polefaces  or  teeth  on  the  armature. 

The  electromagnets  diametrically  opposite  are  connected 
so  that  A  and  B  (See  Fig.  34)  are  energized  together  and 
C  and  E  together.  Consequently,  when  the  fork  is  vibrating, 
A  and  B  will  be  energized  alternately  with  C  and  E.  The 
number  of  the  polefaces  on  the  armature  is  such  that  the 
armature  makes  one  complete  revolution  during  ten  complete 
vibrations  of  the  fork.  The  differential  millianmieter  MA 
shown  in  the  figure  is  for  the  purpose  of  indicating  whether 
the  adjustment  of  the  fork  contacts  in  the  motor  circuits  is 
correct. 

Synchronism 

Mechanical  Correction.  As  previously  stated  two  types 
of  distributors  are  used.  They  differ  only  in  so  far  as  one  is 
provided  with  a  mechanical  correcting  or  synchronizing 
mechanism  which  is  not  present  in  the  other,  synchronism 
in  the  latter  being  seciu^  entirely  by  electrical  means.  In 
the  case  of  mechanical  correction  the  correcting  impulses  are 
generated  by  a  reversal  of  current  in  one  direction  only,  whilst 
in  the  electrical  correcting  method  the  correcting  impulses 
are  generated  by  current  reversals  in  both  directions. 

A  schematic  diagram  of  the  circuit  for  mechanical  correc- 
tion is  shown  in  Fig.  36.  The  distributor  motor  at  the  corrected 
or  speed  controlled  station  is  arranged  to  nm  slightly  faster 
than  the  motor  at  the  correcting  or  speed  controlling  station. 
If  reversals  of  current  in  the  line  signals  take  place  when  the 
brushes  which  sweep  over  the  correcting  rings  at  the  con- 
trolled station  are  on  a  dead  or  unconnected  segment,  as  at 
the  point  indicated  by  the  arrow  marked  X,  no  correction  takes 
place.  But  the  brushes  at  the  speed  controlled  station  will 
gain  over  those  at  the  speed  controlling  station  so  that  after 
one  or  two  revolutions  the  brushes  at  the  former  station  will 
be  leading,  and  be  on  a  "live"  segment  at  the  moment  when 
the  corrector  relay  tongue  which  follows  the  movements  of  the 
line  relay,  moves  to  its  M  contact. 

Before  the  "break"  relay  B  R  has  had  time  to  pull  up  its 
armature,  an  impulse  passes  via  the  back  contact  of  £  iZ  to 
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the  solid  correcting  ring,  across  the  brushes,  the  "live"  s^ment, 
switch  S  through  the  correction  relay  C  iJ  to  the  - 110  V.  The 
corrector  relay  is  actuated  and  is  locked  up  due  to  current  from 
the  +110  V  flowing  via  the  armature  and  front  contact  o^ 
C  R  and  the  back  contact  and  lever  on  the  stepping  pawl  P. 
A  path  is  also  provided  from  the  +110  through  the  corrector 
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Fig.  36 

magnet  C  M  which  is  energized.  Actuation  of  the  armature 
of  C  M  causes  the  pawl  P  to  step  the  ratchet  wheel  one  tooth. 
As  it  completes  its  stroke  the  pawl  lever  causes  the  circuit 
from  the  +110  to  be  opened  so  that  the  corrector  relay  C  R 
and  the  corrector  magnet  C  M  are  restored  to  normal.  The 
stepping  of  the  ratchet  wheel  has  the  effect  of  momentarily 
stopping  or  retarding  the  movement  of  the  brushes  so  that 
they  are  again  in  sufficiently  close  phase  relationship  with  the 
incoming  signals  to  insure  the  correct  distribution  of  the 
electing  impulses  to  the  printer  selecting  relays. 
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The  mechanical  feature  of  the  correcting  device  is  shown 
in  Fig.  37.  The  motor, shaft  carries  with  it  the  frame  F  on 
which  is  mounted  the  corrector  magnet,  the  ratchet  wheel  A, 
gear  wheel  B,  the  pawl  and  jockey  roller. 
~  A  and  B  are  fixed  on  the  same  spindle  and  are  prevented 
fnnn-  rotating  by  the  jockey.  Consequently,  when  the  motor 
shaft  is  rotated,  gear  B  transmits  motion  to  the  brush  holder 
shaft  in  the  direction  indicated  by  the  arrow  marked  A^.  When 
a  correcting  impulse  actuates  the  corrector  magnet,  the  pawl 
steps  the  ratchet  wheel  A  one  tooth  in  a  countepdockwise 
direction,  so  that  B  advances  one  tooth  aroimd  C  in  the  direc- 
tion niEirked  N,  which  is  the  equivalent  of  stepping  the  gear  C 
in  the  direction  marked  R.  The  resultant  etTect  is  that  the 
brush  holder  shaft  is  momentarily  retarded. 
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Phase  Finding.  In  order  to  bring  the  brushes  at  the  two 
stations  into  proper  phase  relationship,  i.  e.  into  synchronism, 
a  switch  is  provided  at  the  speed-controlling  station  for  send- 
ing a  long  negative  pulse  from  sending  segments  1  to  19  and 
a  positive  pulse  from  sending  segment  20.  The  switch 
marked  S,  Fig.  36,  at  the  speed-controlled  station  is  thrown 
to  the  right,  disconnecting  all  the  "live"  segments  but  one. 
Consequently,  only  one  correcting  pulse  will  be  generated 
per  revolution  of  the  brushes  and  it  will  be  inoperative  until 
the  brushes  at  the  corrected  station  overtake  the  incoming 
signals,  at  the  position  marked  X. 

Electrical  Correction.  Fig.  38  shows  in  schematic  form  the 
circuit  arrangements  for  electrical  correcting.  A  distributor 
arranged    for   electrical    correction   has  the  impulse  motor 


1920] 


JOHN  H.  BELL 


217 


directly  connected  to  the  bnisb  holder  and  correction  is 
effected  by  altering  the  speed  of  the  fork  which  determines 
the  speed  of  the  motor.  When  the  resistance  if  is  in  series 
with  the  electromagnet  of  the  driving  fork  at  the  speed-cor- 


rected station,  the  speed  of  the  fork  is  slightly  faster  than 
that  of  the  fork  at  the  speed-controlling  station,  and  when 
R  is  short-circuited  the  speed  of  the  fork  is  slightly  lower  than 
that  of  the  fork  at  the  other  station.    The  function  of  the 
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either  for  delivery  or  for  retransmission  over  another  circuit. 
Messages  for  delivery  by  messenger  have  to  undergo  further 
handling.  As  such  further  handling,  however,  is  not  directly 
associated  with  or  affected  by  the  system  of  transmission 
over  the  wires,  time  occupied  in  this  connection  is  not  included* 

Reviewing  the  methods  of  operation  of  the  various  systans 
under  consideration,  it  will  be  shown  wherein  time  losses, 
whidi  occur  in  the  high-speed  systems,  are  avoided  in  the 
multiplex. 

Ai  the  Sending  End.  In  the  high-speed  systems  messages 
are  first  prepared  by  perforating  operators,  seated  conven- 
iently near  to  the  transmitting  operator  who  feeds  the  perfor- 
ated tapes  into  a  high-speed  transmitter.  In  order  that  as 
little  time  as  possible  be  lost  by  the  perforating  operators  in 
passing  the  message  forms  with  the  corresponding  tapes  to 
the  transmitting  operator,  it  is  the  usual  practise  to  perf(Mate 
two  or  three  messages  on  each  tape.  If  such  tapes  are  im- 
miediately  fed  into  the  transmitter,  the  first  message  has  al- 
ready undergone  a  delay  equal  to  the  time  taken  to  perforate 
all  three  messages  and  the  second  message  has  undergone  a 
delay  equal  to  the  time  taken  to  perforate  the  second  and  third 
messages.  The  transmitting  operator,  however,  has  no  time 
to  sort  out  the  tapes  from  the  various  operators  so  as  to  trans- 
mit messages  in  their  exact  order  of  priority.  It  usually 
happens,  therefore,  that  a  certain  proportion  of  the  messages 
undergo  further  delay  before  actual  transmission  takes  place. 
It  may  be  taken  that  the  average  delay  in  the  case  of  high- 
speed systems  is  not  less  than  three  minutes. 

With  a  multiplex  system  transmission  over  the  lines  takes 
place  almost  immediately  the  keys  are  actuated.  In  other 
words  a  multiplex  provides  practically  direct  connection  be- 
tween operator  and  operator,  as  is  the  case  with  Morse  working. 

At  the  Receiving  End.  There  is  not  much  difference  between 
the  high-speed  and  multiplex  systems  as  regards  speed  of 
service,  a  slight  advantage,  however,  resting  with  the  multi- 
plex. 

Unfortunately,  telegraph  traffic  does  not  glide  along  as 
smoothly  as  has  been  outlined  above.  Errors  creep  in  and 
must  be  corrected.  With  the  high-speed  systems,  a  correc- 
tion operator  is  required  at  each  end  of  the  circuit.  Messages 
dealing  with  the  correction  of  errors  pass  between  these  opera^ 
tors  and  although  given  priority  over  other  traflSc  several 
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minutes  elapse  in  their  transmission  in  each  direction.  There- 
fore, before  an  inquiry  regarding  a  message  can  be  received, 
a  considerable  number  of  other  messages  will  have  been 
transmitted,  and  unless  these  messages  have  been  arranged 
in  numerical  order,  some  time  is  needed  to  trace  the  required 
message.  Further  delay  will  occur  in  the  transmission  of  the 
answering  message  so  that  the  total  delay  to  a  message  in 
which  a  correction  is  required  may  amount  to  many  minutes. 

With  the  multiplex  systems  the  mode  of  working  admits 
of  such  corrections  being  asked  and  obtained  almost  instantly. 

In  a  paper  read  before  the  Post  Office  Telephone  &  Tele- 
graph Society,  London,  on  November  24th,  1913,  Mr.  John 
Newlands,  Controller  of  the  Central  Telegraph  Office,  states 

There  is  no  doubt  that  all  existing  systems  of  telegraphy  which  in- 
volve the  preliminary  punching  of  each  message  tend  to  create  delay, 
beoause  even  when  the  punching  operation  is  completed,  the  message  is 
not  yet  on  its  way,  the  process  of  transmission  through  the  transmitter 
has  still  to  be  carried  out,  and  when  there  are  two  messages  on  each  slip, 
and  each  separate  slip  must  perforce  await  its  turn — there  is  always  an 
appreciable  loss  of  time,  which  does  not  take  place,  for  example,  on  the 
Baudot  System  nor  even  in  Morse  Keying. 

It  is  interesting  to  note  that  this  advantage  of  multiplex 
operation  has  been  recognized  in  England  and  an  effort  has 
been  made  to  adapt  the  Wheatstone  System  to  the  multiplejc 
principle,  so  far  as  transmission  is  concerned.  The  arrange- 
ment is  as  follows: 

Beside  each  perforating  operator  is  a  motor-driven  Wheat- 
stone  transmitter.  These  transmitters  are  connected  to  aij 
electromagnetic  rotary  switch  which  is  arranged  to  switch 
the  line  to  each  transmitter  in  sequence.  The  switch  is 
actuated  by  a  signal  from  the  transmitter  to  which  it  is  con- 
nected, each  actuation  transferring  the  connection  to  the  next, 
transmitter.  When  perforating  operator  No.  1  completes 
a  message,  he  depresses  a  special  key  on  the  perforator  which 
perforates  a  hole  in  the  tape,  not  in  alignment  with  the  signal 
holes.  As  this  hole  passes  through  the  transmitter,  it  causes 
actuation  of  the  switch,  which  stops  the  motor  of  the  No.  1 
position  transmitter  and  starts  the  motor  of  the  No.  2  position 
transmitter,  at  the  same  time  switching  the  line  from  No.  i 
to  the  No.  2  transmitter.  Similar  operation  at  the  end  of  the 
message  transmitted  by  the  No.  2  transmitter  switches  the 
line  to  the  No.  3  transmitter  and  so  on  in  rotation. 
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It  is  doubtful  if  such  a  scheme  will  prove  satisfactory,  how- 
ever. Messages  are  not  of  uniform  length,  nor  do  operators 
perforate  at  exactly  the  same  speed.  It  effects  the  elimina- 
tion of  the  transmitting  operator,  but  it  is  difficult  to  see  wherein 
much  improvement  can  be  secured  towards  providing  a  quicker 
speed  of  service.  The  use  of  two  or  more  high-speed  trans- 
mitters which  are  operated  intermittently  involves  added  com- 
plexity and  cost  to  the  sending  end  apparatus. 

Accuracy  op  Printing  Telegraphs 

Whatever  may  be  the  system  of  telegraphy  employed, 
the  standard  of  accuracy  is  dependent  upon  the  care 
with  which  the  messages  are  checked.  In  Morse  working, 
the  receiving  operator  is  expected  to  check  the  accuracy 
of  a  message  whilst  performing  the  mental  operation  of 
translating  the  dots  and  dashes  into  letters  and  the  phys- 
ical operation  of  recording  them  on  a  tjTpewriter.    Actually 

three    functions    are    performed    simultaneously: 

1.  Translating  telegraphic  signals  into  letters,  mentally. 

2.  Operating  a  type^vriter,  selecting  correct  keys. 

3.  Scrutinizing  the  typed  copy  to  see  that  it  contains  no 
errors. 

Although  it  has  been  claimed  that  the  two  first  operations 
are  performed  entirely  automatically  by  skilled  operators, 
such  is  not  the  case  except  in  rare  exceptions.  If  a  f  imction 
is  being  performed  automatically,  that  is,  requiring  no  atten- 
tion of  mind,  then  the  mind  can  be  employed  on  some  other 
fimction.  It  is  only  necessary  to  request  a  Morse  operator 
to  read  some  message  other  than  that  he  is  in  the  act  of  receiv- 
ing, or  to  engage  him  in  conversation  to  show  how  little  atten- 
tion he  is  able  to  give  it,  without  interfering  with  his  main 
task.  Psychological  authorities  agree  that  if  the  mind  be 
engaged  in  two  or  more  independent  actions  the  principal 
action  is  hampered  by  the  side  issues. 

Apart  from  its  being  a  slower  process  than  Morse  soimder 
working,  the  translation  of  telegraph  signals  from  a  tape  as  in 
the  Wheatstone  system  involves  a  division  of  attention  be- 
tween the  tape  and  the  sheet  on  which  the  message  is  being 
written  or  typed  with  the  result  that  the  liabiUty  to  making 
errors  is  increased.  When  continued  for  a  long  period  it 
also  tends  to  produce  eye  strain. 

A  page-printing  system  necessitates  only  the  checking  of 
the  messages,  and  consequently  that  work  can  be  given  un- 
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divided  attention  by  the  operator,  with  the  result  that  it  is 
done  better. 

It  may  be  of  interest  to  mention  that  a  European  telegraph 
administration,  desirous  of  securing  data  in  regard  to  unde- 
tected telegraphic  errors,  caused  a  careful  examination  to  be 
made  of  a  large  number  of  messages  which  were  handled 
by  different  telegraph  systems.  This  examination  showed  that 
the  number  of  undetected  errors  per  100  messages  was  as 
follows: 

Morse  tape  recording . .  0. 11 

Morse  sounder    0.09 

Hughes  printer    0.04 

It  is  understood  that  the  introduction  of  the  multiplex 
printing  system  in  the  Western  Union  Service  has  resulted  in 
a  proi)ortionate  improvement  as  regards  accuracy,  closely 
approximating  these  figures. 

When  it  is  realized  that  telegraphic  errors  oftentimes  result 
in  financial  loss,  as  well  as  involving  considerable  expense  in 
official  correspondence  and  investigation,  the  greater  accuracy 
secured  by  a  printing  system  must  be  regarded  as  an  im- 
I)ortant  factor  in  its  favor. 

Output 

The  introduction  of  printing  telegraphs  in  place  of  the 
Morse  has  not  resulted  in  so  great  a  percentage  gain  in  opera- 
tor output  as  has  been  achieved  by  the  use  of  automatic 
machines  in  other  fields  of  activity,  nor  can  they  ever  be  ex- 
pected to  do  so.  The  hiunan  factor  cannot  be  eliminated  en- 
tirely; every  message  must  be  handled — letter  by  letter — ^by 
the  sending  operator,  and  be  checked  at  the  receiving  end  by 
the  receiving  operator. 

The  keyboard  perforator,  however,  has  been  responsible 
for  a  considerable  increase  in  speed  of  working  at  the  sending 
end,  whilst  at  the  same  time  its  operation  involves  less  mental 
and  physical  fatigue  on  the  part  of  the  operator. 

At  the  receiving  end  of  a  printing  system,  the  operating  du- 
ties are  less  exacting  than  those  of  the  Morse  operator.  Al- 
though messages  must  be  handled  without  delay  the  nature 
of  the  work  permits  of  a  freedom  to  the  operator  which  cannot 
possibly  be  felt  by  Morse  operators.  Consequently,  the 
operators  are  under  less  mental  strain  and  can  handle  a  larger 
volume  of  business. 
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It  has  been  found  that,  in  general,  printing  systems  have 
shown  some  improvement  over  the  Morse  and  Wheatstone 
systems,  as  regards  labor  economies. 

The  following  statement,  extracted  from  Mr.  John  Newlands' 
pap^  previously  referred  to,  gives  the  comparative  results 
of  tests  of  various  systems  of  telegraphy  in  England.  As 
British  messages  average  24  words,  whilst  American  messages 
average  30  words,  I  have  equated  the  figures  to  American 
messages,  as  shown  below: 

Average  per  Operator  Hour 

System  British  American 

Messages  Messages 

Baudot  Multiplex 43  34.4 

Wheatstone  with  Creed 35  28 

Morse  Sounder 31  24.8 

Wheatstone 26  20.8 

The  Siemens  &  Halske  and  American  Multiplex  Systems 
have  been  installed  in  the  London  office  since  Mr.  Newlands' 
paper  was  written.  No  results  have  yet  been  published  con- 
cerning these  systems. 

In  the  foregoing  statement  are  shown  the  four  systems  of 
telegraphy  by  means  of  which  probably  95  per  cent  of  the 
British  telegraph  traffic  is  carried. 

The  multiplex  Baudot  shows  an  output  per  operator  of 
23  per  cent  greater  than  the  high-speed  system — the  Creed, 
despite  the  fact  that  the  Baudot  sending  operators  are  limited 
to  a  maximum  speed  of  30  words  per  minute.  Assuming 
an  increase  in  output  pro-rata  with  the  increase  in  speed  re- 
sulting from  the  use  of  the  keyboard  perforators  and  auto- 
matic transmitters,  say  45  words  per  minute,  the  output  per 
operator  would  be  64  British  messages  or  51.6  American 
messages  per  hour. 

All  these  foregoing  figures  refer  to  team  work  on  one  or  more 
circuits. 

In  the  1919  April  issue  of  the  ''Western  Union  News," 
some  interesting  records  of  work  done  on  keyboard  perforating 
machines  by  female  operators  are  given.  From  100  to  130 
messages  per  hour  have  been  perforated  by  a  nimiber  of 
operators  for  short  periods,  up  to  eight  hours.  For  periods 
covering  from  one  month  to  one  year,  the  hourly  average 
range  between  60  to  79  messages. 

In  one  particular  case  a  female  operator  maintained  an 
average  of  74  messages  per  hour  for  a  period  of  eight  hours 
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during  the  first  month  after  graduation  from  the  training 
school. 

In  the  same  magazine  is  given  data  pertaining  to  record 
performances  of  Morse  operators  which  compare  very  favor- 
ably with  the  work  of  the  keyboard  perforator  operators. 
In  order  to  achieve  such  results,  however,  it  is  necessary  that 
the  operators  at  both  ends  of  the  circuit  shall  be  experts  where- 
as in  automatic  operation  the  transmitting  operator  output 
is  not  limited  by  the  skill  of  the  receiving  operator. 

Maintenance 

Available  information  regarding  the  cost  of  maintaining 
installations  of  the  various  systems  described  is  unfortimately 
too  meagre  to  be  of  value  in  making  direct  comparisons. 

Printing  telegraph  machines  have  not  yet  reached  that 
stage  of  perfection  where  they  never  get  out  of  adjustment  and 
never  have  broken  parts.  Consequently,  provision  should  be 
made  for  the  removal  of  faults  due  to  such  causes  as  promptly 
as  possible.  What  is  even  more  important,  however,  is  the 
provision  of  means  for  the  detection  of  incipient  faults  before 
they  have  developed  sufficiently  to  interfere  with  operation 
and  for  the  quick  restoration  of  service  when  it  has  been  in- 
terrupted by  an  apparatus  fault.  In  this  respect,  the  multi- 
plex systems  are  superior  to  the  high-speed  systems.  For 
a  quadruple  duplex  installation,  it  is  necessary  to  provide  only 
one  spare  instrument  of  each  kind,  except  the  distributor.  In 
the  case  of  the  American  multiplex  system,  such  spare  appara- 
tus is  mounted  on  a  test  table,  which  is  provided  with  a  small 
local  distributor  so  that  the  machines  may  be  tested  in  opera- 
tion under  conditions  even  more  severe  than  in  actual  service. 
Spring  clips  are  used  for  effecting  the  electrical  connections 
on  the  operating  and  test  tables  and  any  machine  can  be  re- 
moved and  another  placed  in  its  stead  in  a  few  seconds.  If 
the  test  table  is  located  in  close  proximity  to  the  operating 
tables,  interruption  to  the  flow  of  traffic  due  to  machine 
trouble  can  therefore  be  almost  entirely  eliminated.  A  fault 
in  any  of  the  machines,  except  the  distributor,  will  stop  the 
flow  of  traffic  in  one  direction  over  one  channel  only.  Faults 
in  the  distributor  are  of  rare  occurrence.  Generally  a  spare 
distribution  face  is  available,  and  can  be  substituted  in  a 
few  minutes. 

In  the  case  of  high-speed  systems  an  apparatus  fault  in  the 
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transmitting  or  receiving  apparatus  causes  total  suspension 
of  traffic  flow  in  one  direction,  and  generally  involves  temporary 
interruption  to  the  traffic  in  the  other  direction  whilst  the  dis- 
tant station  is  being  advised  of  the  trouble. 

The  percentage  of  spare  apparatus  must  obviously  be  greater 
than  in  the  case  of  the  multiplex  systems,  except  where  four 
or  more  high-speed  installations  are  in  service  in  one  office, 
and  in  such  cases  it  is  practically  impossible  to  effect  apparatus 
changes  so  quickly  as  can  be  done  with  multiplex  machines. 
Where  a  complete  spare  set  of  machines  is  provided,  it  is 
possible,  of  course,  to  switch  over  to  the  spare  set  without 
much  delay. 

One  important  factor  in  connection  with  the  maintenance 
of  apparatus  is  the  periodical  inspection  and  overhaul.  Such 
insi)ections  reveal  incipient  faults.  The  test  table  and  local 
distributor  of  the  American  multiplex  system  are  particularly 
valuable  for  this  purpose,  as  the  more  severe  conditions  imder 
which  the  machines  can  be  tested  will  reveal  small  defects  or 
faulty  adjustments  before  such  defects  make  themselves  felt 
under  normal  working  conditions. 

For  example,  if  a  printer  operates  at  65  words  per  minute 
during  one  inspection  test,  and  only  60  words  per  minute  at 
the  next,  it  is  an  indication  that  some  slight  fault  exists,  which 
can  be  detected  and  remedied  before  it  affects  the  machine  at 
normal  working  speed  of  50  words  per  minute. 

Provided  a  properly  organized  system  of  periodical  cleaning 
and  testing  is  introduced,  it  is  possible  to  maintain  a  service 
practically  free  from  interruption  due  to  apparatus  troubles. 

The  most  satisfactory  method  of  maintaining  such  appara- 
tus in  correct  adjustment  is  to  specify  spring  tensions,  dis- 
tance of  movement  of  relay  armatures,  airgaps  etc.  and  to  use 
suitable  gauges  for  indicating  whether  the  adjustments  of 
the  various  units  are  within  the  specified  limits. 

Line  Economies 

In  the  synchronous  type  of  printing  telegraph  systems  no 
spacing  between  signal  combinations  is  required  and  conse- 
quently the  code  is  considerably  shortened  as  compared  with 
the  Morse  where  the  spacing  between  letters  is  equal  to  three 
dot  lengths.  From  studies  which  have  been  made  it  has  been 
found  that  the  average  signal  combination  in  the  American 
Morse  code  is  equal  to  eight  dots,  and  that  in  the  continental 
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Morse  code  nine  dots.  In  the  synchronous  systems  the' 
signal  combinations  are  all  five-dot  lengths.  As  the  dot  is  the 
unit  of  length  these  codes  are  generally  referred  to  as  eight, 
nine  and  five-unit  codes.  The  advantage  of  a  shorter  code 
can  perhaps  best  be  illustrated  by  example.    Assuming  that 
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MILES 
over  a  particular  telegraph  circuit  a  maximum  transmission 
speed  of  45  cycles  per  second  can  be  obtained.  This  speed 
of  transmission  will  provide  a  carrying  capacity  of  100  words 
per  minute  for  a  nine-unit  code,  112.5  words  per  minute  for 
an  eight-unit  code  and  ISO  words  per  minute  for  a  five-unit 
code.    Should  the  traffic  load  be  such  that  100  words  per 


JOHN  H.  BELL  tFeb.  19 

minute  will  be  suflScient  to  carry  it  then  the  transmission  speed 
of  the  five-unit  code  system  may  be  reduced  to  25  cycles  per 
second.  This  reduction  in  speed  will  permit  of  operation  under 
adverse  weather  conditions  which  tend*  to  disturb  the  duplex 
balance,  and  which  would  necessitate  a  reduced  speed  of 
working  on  systems  using  an  eight  or  nine-unit  code.  The 
author  has  no  data  as  regards  actual  transmission  speeds 
over  aerial  lines  of  different  lengths,  but  in  Fig.  39.  are  shown 
the  results  of  speed  tests  of  underground  cable  circuits,  which 
were  made  in  England  several  years  ago. 
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TroffJc  Corr/inq  Facilitiea 
Pig.  40 

It  will  be  seen  that  over  a  metallic  return  circuit  of  270 
miles  in  length  having  copper  conductors  each  weighing  150 
lb.  per  mile,  a  transmission  speed  of  about  80  cycles  per  second 
is  secured.  This  would  provide  a  carrying  capacity  of  177 
words  per  minute  with  a  system  using  a  nine-unit  code.  With 
a  system  using  a  five-unit  code  an  equivalent  carrying  capac^ 
ity  in  words  per.  minute  can  be  secured  by  a  transmission  speed 
of  44  cycles  per  second,  and  with  the  same  gauge  of  conductors 
this  speed  can  be  obtained  over  a  circuit  of  approximately 
364  miles  in  length,  or  if  100-lb.  conductors  be  used,  over 
a  circuit  of  318  miles  in  length. 

From  the  speed  test  figures  it  has  been  calculated  that  a 
transmission  speed  of  44  cycles  per  second  could  be  secured 
over  a  270-mile  metallic  circuit  having  conductors  of  about 
75  or  80  lb.  weight  per  mile.  Assuming  the  wire  to  cost 
20  cents  per  lb.,  there  would  be  a  capital  saving  in  copper  of 
$7560  on  a  270-mile  circuit,  by  using  a  five-unit  code  instead 
of  a  nine-unit  code. 
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Flexibility.  An  outstanding  feature  of  the  multiplex  system 
is  the  flexibility  which  it  provides  in  linking  up^a  number  of 
offices  with  a  minimum  of  line  plant.  Fig.  40  shows  two 
quadruple  duplex  circuits  radiating  from  a  repeater  at  station 
B,  and  providing  the  following  communications: 

2  Channels  A  to    B  2  Channels  B  to  C 

2  «AtoC  2  "CtoB 

2  «     Cto    A  2  «     Bto  A 


Wire    Pacilitied 


Traffic  Carrytncj  facilities 
Fia.  41 

Another  arrangement  is  shown  in  Fig.  41  which  represents 
a  quadruple  duplex  circuit  between  A  and  B  linked  up  with 
two  double  duplex  circuits  between  B  and  C  and  D. 

This  arrangement  will  provide  direct  communication  be- 
tween all  offices  as  indicated: 

2  Channels  A  to  B      2  Channels  B  toA     1  Channel  B  to  C 

1  «     Ato  C     1  "     etc  A    1  «  CtoB 

1  "     A  to  Z>     1  «     Dto  A    1  «  Bto  D 

1  «  DtoB 

A  third  arrangement  is  that  shown  in  Fig.  42  in  which  the 
four  arms  of  a  quadruple  are  shown  extended  to  four  duplex 
printer  circuits  radiating  from  one  terminal  station. 

By  this  means  direct  communication  can  be  provided  be- 
tween station  A  and  four  small  stations  C,  D,  E  and  F,  neither 
of  which  perhaps  may  have  sufficient  traffic  to  warrant  a 
direct  wire  to  station  A. 
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The  duplex  printer  referred  to  is  a  two-channel  system  using 
practically  the  same  apparatus  as  the  multiplex,  and  a  small 
distributor  in  which  the  brushes  rotate  once  per  letter  com- 
bination transmitted.  No  synchronising  arrangements  are 
required,  and  as  the  brushes  are  momentarily  stopped  when 
they  reach  the  normal  or  rest  position  the  system  has  been 
appropriately  termed  "The  start-stop  system." 

It  will  be  obvious  that  by  the  combination  of  quadruple  or 
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Fig.  42 

double-duplex  multiplex  and  "start  stop"  installations  it  should 
be  possible  to  effect  considerable  economies. 

In  addition  to  the  financial  savings  such  circuit  combina- 
tions help  to  accelerate  the  service  by  reducing  the  number 
of  times  a  message  is  handled,  and  this  in  turn  tends  towards 
a  higher  standard  of  accuracy. 

We  cannot  anticipate  the  transmission  of  all  telegrams  by 
connecting  the  originating  office  with  the  office  of  destination 
as  is  done  in  telephone  practise  but  the  multiplex  in  con- 
junction with  the  "start  stop"  will  materially  help  towards 
developments  along  such  lines. 
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MAXIMUM  OUTPUT   NETWORKS  FOR  TELEPHONE 
SUBSTATION  AND  REPEATER  CIRCUITS 


BY  GEORGE  A.  CAMPBELL  AND  RONALD  M.  FOSTER 


Abstract  op  Paper 

IdMd  telephone  substation  and  repeater  circuits  are  shown 
to  present  output  and  input  requirements  which  can  be  met 
by  a  type  of  circuit  containing  four  resistances,  each  of  which  has 
maximum  output;  maximum  output  is  found  to  involve  bioonju- 
gacy,  i,e,,  the  four  resistances  fall  into  two  pairs  without  active 
electrical  connection  between  the  two  resistances  of  either  pair; 
all  circuits  meeting  these  requirements  with  the  minimum  num- 
ber of  elements  are  enumerated;  the  necessary  formulas  for 
proportioning  these  circuits  and  also  circuits  having  superflous 
elements  are  derived.  The  discussion  of  the  properties  of 
these  four-resistance  circuits,  to  which  a  consideration  of  three- 
resistance  circuits  is  added,  is  a  contribution  to  the  important 
problem  of  the  properties  of  the  most  general  circuit  containing 
ideal  transformers. 


1.  Introduction 

ALL  networks  having  the  minimum  number  of  elements 
which  can  be  used  to  connect  four  resistances  so 
that  an  electromotive  force,  placed  successively  in  each  of  the 
resistances,  will  have  the  maximum  possible  output,  E  ^/iR,  into 
the  remaining  three  resistances,  and  also  some  circuits  with 
superfluous  windings,  are  enumerated  and  briefly  discussed  in 
this  paper.  These  networks  are  called  "maximum  output  net- 
works," a  term  which  will  naturally  he  used  to  include  also 
all  networks  connecting  any  number  of  resistances  when  a 
given  source  of  energy  in  any  resistance  has  its  maximum  out- 
put into  the  remaining  resistances.  The  term  "maximum 
output  circuit"  is  also  employed,  and  while  no  hard  and  fast 
distinction  is  made,  it  is  usually  used  to  include  the  resistances 
together  with  the  connecting  network.  The  maximum  output 
circuit,  consisting  of  two  resistances  connected  by  a  transformer 
having  the  turns  in  the  two  windings  in  the  same  ratio  as  the 
square  roots  of  the  resistances,  is  well  known.  With  three 
or  any  odd  number  of  resistances  it  can  be  shown  that  a  maxi- 
mum output  circuit  is  impossible. 

231 
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The  outstanding  property  of  four-resistance  maximum  out- 
put circuits  is  that  the  resistances  are  conjugate  in  pairs;  the 
circuits  are  said  to  be  bicon jugate.  Thus  if  (A,  B)  is  one 
conjugate  pair  of  resistances  and  (C,  D)  the  other  conjugate 
pair  of  resistances  an  electromotive  force  in  A,  B,  C,  D  will 
produce  no  current  in  B,  A,  D,  C,  resi)ectively.  This  remark- 
able property  is,  as  we  shall  see,  the  precise  condition  which 
is  especially  called  for  in  telephone  substation  and  repeater 
circuits.  The  biconjugacy  condition  from  a  practical  stand- 
point may  be  more  important  than  that  of  maximum  output, 
but  the  latter  has  been  chosen  as  the  term  for  designating 
this  class  of  circuits  since  maximum  output  iniplves  bi- 
conjugacy, whereas  biconjugacy  does  not  necessarily  involve 
maximum  output. 

The  maximum  output  and  conjugate  properties  may  be 
illustrated  quite  simply  by  taking  a  Wheatstone  bridge  having 
the  same  total  resistance  in  each  of  the  six  branches.  An 
electromotive  force  in  any  branch  will  then  have  its  maximum 
output  into  the  remaining  branches,  divided  equally  between 
the  four  adjacent  branches,  the  non-adjacent  branch  receiving 
nothing  and  thus  being  said  to  be  conjugate.  The  circuit 
is  thus  a  maximum  output  circuit  with  six  resistances  and  three 
pairs  of  conjugate  branches. 

It  is  found  that  the  minimum  number  of  elements  which  the 
network  may  contain,  provided  no  unnecessary  restrictions  are 
permitted  between  the  input  ratios,  as  defined  in  Section  4,  and 
the  ratios  between  the  four  resistances,  is  six,  which  may  be  six 
windings,  three  on  each  of  two  transformers.  The  enumeration 
of  the  distinct  networks  which  can  be  formed  with  two  three- 
winding  transformers  shows  a  total  of  57,340,  all  of  which  have 
the  same  theoretical  possibilities  on  the  assumption  that  ideal 
transformers  are  employed.  In  practical  applications  it  is  usually 
allowable  to  employ  a  network  which  imposes  one  or  more 
restrictions  between  the  input  ratios  and  the  resistance  ratios. 
A  complete  enumeration  of  such  networks  shows  that  there 
are  23,664  distinct  networks  involving  a  three-winding  trans- 
former and  a  two-winding  transformer;  2,361  distinct  net- 
works made  up  of  two  two- winding  transformers;  136  net- 
works employing  but  one  three- winding  transformer;  and  38 
distinct  networks  made  up  of  but  one  two-winding  trans- 
former. The  complete  list  of  possible  networks  thus  totals 
83,539;    and  no  other  networks  are  possible  which  do  not 
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include  a  greater  number  of  elements  for  accomplishing  the 
same  end. 

Each  of  these  distinct  networks  presents  the  possibility  of 
from  one  to  eight  distinct  proportionings,  all  of  which  have  the 
same  energy  inputs  but  different  combinations  of  current  di- 
rections in  the  branches.  The  resulting  total  number  of  dis- 
tinct cases  is  over  half  a  million  distributed  as  shown  in  Table  I. 

TABLE  I 


Transformers 

Windings 

Restrictions 

Distinct 
networks 

Total  cases 

2 
2 
2 
1 
1 

3+3 
3+2 

2+2 

3 

2 

0 
1 
2 
2 

3 

57,340 

23,664 

2,361 

136 

38 

446.234 

124.536 

6,596 

ai6 

83.539 

677.722 

2.  Substation  Circuits 

The  telephone  substation  circuit  consists  primarily  of  a 
transmitter  and  a  receiver  with  a  network  for  connecting  them 
to  a  line.    The  primary  requirements  are — 

1.  Sending  efficiency  the  greatest  possible  consistent  with 
the  receiving  efficiency. 

2.  Receiving  efficiency  such  that  line  noise  will  interfere 
as  little  as  possible  with  telephone  conversation. 

3.  Elimination  of  side-tone  (the  disturbance  produced  in 
the  talker's  own  receiver). 

4.  No  restrictive  limitations  as  regards  the  impedances 
of  the  transmitter,  receiver,  and  line. 

It  will  be  assumed  in  this  paper  that  any  given  transmitter 
has  a  fixed  resistance  and  when  spoken  into  generates  an 
electromotive  force  the  magnitude  of  which  is  independent 
of  the  circuit  to  which  the  transmitter  is  connected.  A  given 
receiver  is  also  supposed  to  have  a  fixed  resistance  independent 
of  the  magnitude  or  frequency  of  the  current  passing  through 
it  and  its  reactance  is  assumed  to  be  annulled  by  a  suitable 
impedance  associated  with  the  receiver.  Similarly,  the  line 
reactance  will  be  assumed  compensated,  leaving  a  fixed  resist- 
ance containing  a  fixed  electromotive  force  arising  from  the 
line  noise.  These  fixed  resistances  of  the  transmitter,  receiver, 
and  line  will  be  designated  by  T,  R,  and  L. 

^e  substation  conditions  may  now  be  put  in  the  following 
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mathematical  form:  Three  arbitrarily  chosen  resistances 
T,  R,  L  are  to  be  so  connected  by  a  network  that  L  will  have 
the  maximum  possible  input  into  T  and  R;*  the  ratio  between 
these  two  inputs  to  have  an  arbitrary  value  y  as  found  experi- 
mentally to  be  the  best  for  reducing  line  interference;  and  the 
input  between  T  and  J?  to  be  zero.  These  conditions  are 
identically  those  stated  in  proposition  6  of  Appendix  I,  and  from 
that  proposition  it  follows  that  the  ideal  substation  circuit 
must  have  at  least  one  auxiliary  resistance  X  and  if  there 
is  but  one,  making  a  total  of  four  resistances,  they  are  con- 
nected by  a  maximum  output  network. 

In  the  engineering  design  of  substation  circuits  a  large 
number  of  practical  requirements  must  be  met;  such  as  trans- 
mitter^urrent  supply,  signaling  to  and  by  the  subscriber,  proper 
allowance  for  the  departure  of  the  line,  transmitter,  and  re- 
ceiver impedances  from  the  fixed  reactanceless  resistances 
assumed  in  this  elementary  mathematical  treatment,  the  allow- 
ance for  the  deviations  between  actual  and  ideal  transformers, 
and  the  question  of  costs.  These  practical  requirements 
assume  different  forms,  depending  upon  the  particular  use  to 
which  the  substation  circuit  is  to  be  put,  and  the  best  answer 
can  be  reached  only  on  the  basis  of  a  detailed  study  of  a  large 
amount  of  experimental  data.  This  side  of  the  problem  will 
not  be  entered  into  in  this  paper,  since  it  is  a  large  problem  and 
does  not  form  a  part  of  a  purely  mathematical  discussion  of 
the  available  circuits.  This  paper  is  limited  to  the  problem 
of  discussing,  as  fully  as  may  be,  all  of  the  possible  ideal  circuits 
which  should  form  the  starting  point  for  the  practical  dis- 
cussion of  substation  circuits. 

3.  Repeater  Circuits 

One  of  the  applications  of  telephone  repeaters  is  for  two- 
way  amplification  of  telephone  conversations  on  long  lines, 
the  repeater  being  placed  near  the  midpoint  of  the  line.  When 
the  person  at  the  east  end  of  the  line  is  talking,  the  speech 
wave  passes  from  the  line  marked  E,  Fig.  1,  to  the  receiving 
element  R  of  the  telephone  repeater,  which  produces  an  ampli- 
fied effect  in  the  transmitting  element  T  which  is  passed  along 
to  the  line  marked  W.    When  the  person  at  the  western  end 

*The  restatement  in  this  form  of  condition  1  is  possible  by  virtue  of 
the  reciprocal  property  of  the  input  ratio  as  explained  in  section  6  of 
Appendix   I. 


/ 


1920J  CAMPBELL  AND  POSTER  235 

of  the  connection  is  talking,  the  path  taken  by  the  transmission 
is  not  reversed  in  every  particular,  since  it  cannot  be  reversed 
through  the  repeater,  but  must  traverse  the  repeater  from  the 
receiving  to  the  transmitting  element  in  order  to  be  amplified. 
Its  course  is  thus  from  WtoRtoTto  E.  To  make  the  system 
as  efficient  as  possible  the  transfer  of  energy  between  E  and  R, 
T  and  E  must  each  be  as  large  as  possible,  and  since  the  input 
ratio  is  a  reciprocal  property,  the  combined  input  from  E  into 
R  and  T  must  be  a  maximum.  Similarly,  the  input  from 
W  into  R  and  T  must  be  a  maximum.  Moreover,  none  of 
these  four  inputs  can  be  zero,  otherwise  there  would  be  no 
transmission  in  at  least  one  direction.  These  conditions  are 
identical  with  the  requirements  specified  in  proposition  7  of 
Appendix  I;  the  network  required  for  connecting  the  four 
elements  E,  W,  R,  T  is  therefore  a  maximum  output  net- 
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work  for  use  with  four  resistances.  The  necessary  biconjugacy 
of  such  networks  satisfies  two  additional  requirements  for 
repeater  circuits.  There  is  no  direct  transmission  between  E 
and  W,  which  might  happen  to  be  superposed  on  the  amplified 
output  in  such  a  way  as  to  produce  a  certain  amount  of  con- 
fusion. Finally,  and  most  important  of  all,  the  circuit 
is  non-singing,  that  is,  there  is  no  feeding  back  of  energy  from 
T  into  R  through  the  network  and  connected  lines  E  and  W, 
and  thus  the  presence  of  the  source  of  energy  presented  by  the 
repeater  does  not  lead  to  the  automatic  production  of  an  alter- 
nating current  which  might  interfere  with  the  easy  reception  of 
speech  in  case  it  fell  within  the  audibility  range. 

Repeater  networks  must  not  unbalance  the  lines  to  which 
they  are  connected,  and  they  present,  of  course,  a  large  nimiber 
of  other  practical  conditions.  These  will  not  be  taken  up  here, 
but  this  pap^  will,  however,  contribute  towards  meeting  them  by 


236  CAMPBELL  AND  FOSTER  [Feb.  19 

discussing  the  ideal  circuits  satisfying  the  above  fundamental 
conditions,  without  imposing  any  restrictions  upon  the  magni- 
tudes of  the  four  resistances  presented  by  the  two  lines  and  the 
receiving  and  transmitting  elements  of  the  amplifier. 

4.  General  Properties  of  Maximum  Output  Circuits 

This  investigation  of  maximum  output  networks  was 
actually  carried  out  by  first  determining,  some  years  ago, 
the  possibilities  of  one  two-winding  transformer,  then  of  one 
three-winding  transformer,  and  showing  that  no  further  in- 
crease in  the  number  of  windings  on  a  single  transformer  would 
change  the  restrictions  which  were  imposed  on  the  input 
ratios  and  the  resistances.  When  it  came  to  extending  the 
investigation  to  include  all  cases  where  no  unnecessary  restric- 
tions should  be  imposed,  it  became  highly  desirable,  on  account 
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of  the  large  number  of  circuits  which  must  be  included,  to 
find  a  general  circuit  including  all  cases,  so  that  the  proper- 
ties of  individual  circuits  could  be  deduced  as  special  cases. 
Upon  looking  at  the  problem  from  this  viewpoint  it  was 
found  that  the  comparatively  simple  circuit  of  Fig.  4  presented 
the  general  problem ;  it  consists  merely  of  four  separate  closed 
loops,  each  containing  one  of  the  four  resistances  and  one 
winding  from  each  of  two  four-winding  transformers.  To 
distinguish  this  circuit  from  others  it  has  been  called  the  master 
circuit. 

Certain  properties  which  had  been  noted  in  the  earlier 
circuits  were  found  to  hold  for  the  master  circuit,  and  the 
question  was  raised  as  to  whether  they  were  not  fundamental 
and  deducible  directly  from  the  conservation  of  energy.  This 
proved  to  be  the  fact,  and  these  general  properties  will  now  be 
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considered  before  proceeding  to  the  master  and  other  concrete 
circuits. 

We  assume  that  one  of  the  four  resistances  is  the  source 
of  activity,  and  that  it  contains  an  invariable  sinusoidal  electro- 
motive force  of  amplitude  E,  and  has  a  fixed  effective  resistance 
R.  Its  maximimi  possible  output  or  external  activity  has 
then  the  definite  value  E^/AR.  In  general,  the  actual  output 
will  be  only  a  part  of  this,  and  the  ratio  of  this  part  to  the  pos- 
sible maximum  is  called  the  output  ratio.  Each  of  the  other  re- 
sistances in  the  circuit  will  absorb  a  certain  amoxmt  of  the 
energy  and  the  ratio  of  this  energy  to  the  maximimi  i>ossible 
output  E^/AR  is  called  the  corresponding  input  ratio.  The 
input  ratios  are  positive  and  not  greater  than  unity,  and  the 
simi  of  all  the  input  ratios  for  a  given  impedance  paired  with 
every  other  impedance  in  the  circuit  cannot  exceed  unity. 


R93 

In  case  the  input  ratio  between  two  resistanpe^  neither  of 
which  vanishes,  is  zero,  the  two  branches  containing  the  re- 
sistances are  said  to  be  conjugate.  The  input  ratio  possesses 
the  reciprocal  property,  being  unchanged  when  the  electro- 
motive force  is  transferred  so  that  the  driving  and  driven 
points  change  places,  the  passive  network  remaining  unchanged. 
A  circuit  containing  four  resistances  presents  thus  only 
six  distinct  input  ratios  between  pairs  of  resistances.  These 
six  input  ratios  are  not  entirely  independent  but  must  satisfy 
conditions  imposed  by  the  conservation  of  energy  as  is  s^own 
in  Appendix  II.  These  conditions  assume  very  simple  form 
when  the  circuit  is  a  maximum  output  circuit:  the  input 
ratios  for  any  two  mutually  exclusive  pairs  of  resistances  are 
equal,  so  that  there  are  but  three  distinct  input  ratios;  the 
simi  of  the  three  input  ratios  is  equal  to  unity.  One  of 
three  input  ratios  must  be  equal  to  zero  and  thus  a 
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outputfcircuit  has  two  pairs  of  conjugate  resistances.  Such 
a  circuit  is  said  to  be  biconjugate,  and  the  fact  that  bicon- 
jugacy  accompanies  the  maximum  output  of  four  resistances 
is  the  outstanding  characteristic  of  these  circuits.  The 
formal  proof  of  biconjugacy  is  given  in  Appendix  I  in  connec- 
tion with  formula  (2)  which  is  the  mathematical  expression 
of  biconjugacy. 

There  is  also  a  restriction  as  to  the  direction  of  current 
flow  which  is  given  by  formula  (5)  which  assumes  the  simple 
form  g  gi  r  ri  <  0  of  (7)  if  all  driving-driven  point  impedances 
of  the  network  are  pure  resistances.  This  means  that  three 
of  the  four  quantities  g,  9i,  r,  ri  may  have  their  signs  arbitrarily 
determined,  but  the  sign  of  the  fourth  must  be  chosen  so  that 
the  product  of  all  four  will  be  negative.  Physically,  this  may 
be  explained  as  follows:  Insert  a  positive  electromotive  force 
in  resistance  A,  and  note  the  direction  of  the  current  flow 
which  is  produced  in  resistance  C;   now  transfer  the  electro- 
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motive  force  to  C  making  its  positive  direction  correspond 
with  the  direction  of  current  flow,  and  note  the  direction  of  the 
current  produced  in  resistance  B,  Proceed  in  the  same  way 
to  transfer  the  electromotive  force  to  B,  and  then  to  D; 
it  will  be  found  that  the  current  which  flows  in  A  will  have  its 
direction  opposed  to  the  electromotive  force  as  originally 
placed  in  A. 

The  three  arbitrary  sign  choices  give  eight  sign  combina- 
tions, and  thus  there  are  for  every  maximum  output  circuit 
eight  proportionings  which  leave  the  distribution  of  energy 
unchanged,  but  alter  the  relative  direction  of  current  flow  in 
the  four  resistances.  Where  the  resistances  occur  in  two, 
three,  or  four  essentially  disconnected  portions  of  the  circuit 
the  essentially  different  sign  combinations  are  reduced  from 
eight  to  four,  two,  and  one,  respectively.  Thus  with  the 
master  circuit  of  Fig.  4,  which  consists  of  four  entirely  distinct 
loops,  the  positive  direction  in  each  branch  is  unrelated  to  the 
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positive  direction  in  the  other  branches,  and  the  eight  sign 
combinations  are  not  essentially  distinct.  Because  of  the 
alternative  sign  combinations  which  are  always  involved, 
irrespective  of  whether  they  lead  to  circuits  which  are  practi- 
cally distinct  or  not,  the  mathematical  formula  for  the  pro- 
portioning of  the  transformers  is  complicated  when  expressed 
in  terms  of  the  input  ratios  and  involves  radicals,  as  is  seen  by 
reference  to  (30). 

A  maximum  output  circuit  with  four  resistances  which  does 
not  impose  unnecessary  restrictions  must  have  at  least  four 
degrees  of  freedom,  as  is  stated  in  proposition  5  of  Appendix  I. 
This  is  the  starting  point  for  the  enumeration  of  all  possible 
circuits  employing  the  minimum  number  of  elements.  By 
permitting  two  or  three  restrictions  a  three-degree  circuit 
may  be  employed  in  place  of  a  four-degree  circuit,  but  it  is 
not  possible  to  have  a  four-resistance  maximimi  output  circuit 
of  two  degrees  of  freedom  without  allowing  the  resistances  to 
separate  into  two  pairs  which  do  not  interact,  and  such  circuits 
are  thus  of  no  value  in  connection  with  the  applications  which 
we  have  under  consideration. 

A  circuit  containing  only  four  resistances  must  be  a  maximum 
output  circuit  if  three  of  its  resistances  have  maximum  output, 
or  if  two  have  maximum  output  into  the  other  two,  or  if  one 
has  maximum  output  into  two  which  are  mutually  conjugate, 
as  is  proved  in  propositions  6,  7,  8  of  Appendix  I.  These 
propositions  bring  the  substation  set  and  the  repeater  circuit 
within  this  class  of  circuit,  as  was  stated  above. 

Maximum  output  circuits  having  more  than  four  resistances 
present  questions  of  considerable  complexity,  and  a  discussion 
of  them  is  not  included  in  this  paper  since  they  are  not  required 
for  the  particular  applications  under  consideration. 

5.  The  Master  Circuit 

The  mathematical  treatment  of  the  master  circuit  is  con- 
tained in  Appendix  III,  where  a  rule  is  given  for  proportioning 
the  winding  turns  when  the  magnitudes  of  the  four  resistances, 
the  three  input  ratios,  and  the  current  directions  are  assigned. 
The  procedure  is  to  calculate  the  values  of  P,  Pi,  Q,  Qi,  R,  Ri  by 
formulas  (30),  (31),  or  (32),  and  then  use  any  two  of  the  ratios 
(29),  or  any  linear  combinations  of  the  four  ratios  (29)  which 
give  distinct  proportions.  Thus,  all  eight  windings  may  be 
retained,  or  one  winding  may  be  dropped  from  each  of  the  two 
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transformers;  but  at  least  one  winding  must  remain  in  series 
with  each  of  the  four  resistances. 

In  practical  applications,  it  may  be  necessary  to  consider 
the  effect  of  either  accidental  or  intentional  variations  in  the 
magnitudes  of  the  resistances,  or  of  the  turns,  which  will 
cause  the  circuit  to  depart  from  exact  conformity  with  the 
maidmum  output  and  biconjugate  conditions  assumed  as  the 
basis  of  the  above  rule.  Accordingly,  a  generalized  rule  is 
given  in  formula  (41)  which  may  be  employed  for  discussing 
the  behavior  of  the  master  circuit  under  any  conditions. 

In  the  master  circuit  we  have  what  is  probably  the  highest 
possible  degree  of  S3nnmetry  among  the  resistances  and  wind- 
ings. This  may  be  of  importance  in  practical  applications 
where  the  electrical  balance  of  the  circuit  calls  for  sjnnmetry, 
or  where  a  sjnnmetry  of  the  circuit  will  reduce  the  effect  of  the 
d^arture  of  practical  transformers  from  ideal  operation. 

6.  Unrestricted  Maximum  Output  Networks  Employ- 
ing THE  Minimum  Number  of  Windings 

The  master  circuit  with  two  windings  eliminated,  is  an  un- 
restricted maximum  output  circuit  employing  the  minimum 
number  of  windings;  permutation  of  the  resistances  gives  a 
total  of  only  six  distinct  circuits.  That  permutation  of  the 
resistances  in  the  remaining  fifteen  four-degree  geometrical 
circuits  should  increase  this  total  to  57,340,  or  446,234  cases  if 
attention  is  paid  to  the  direction  of  current  flow,  is  one  more 
striking  illustration  of  the  large  number  of  possible  combina- 
tions presented  by  even  a  few  elements. 

All  of  the  distinct  master  circuits  can  be  made  up  by  the 
use  of  two  ideal  transformers  each  having  six  windings  with 
turns  in  the  proportion  P  :Pi  :Q  :Qi  :R  : Ri  as  is  shown 
by  the  rule  (29).  Two  18-winding  ideal  transformers,  having 
the  same  six  winding  turns  in  triplicate,  are  sufficient  to  give 
all  of  the  446,234  cases,  as  is  shown  by  the  formula  (50)  em- 
ployed in  stating  the  rule  in  Appendix  IV  for  calculating  the 
winding  turns  for  all  of  these  cases.  Each  winding  may 
involve  from  one  to  six  of  the  windings  connected,  either 
aiding  or  opposing,  but  it  never  requires  two  windings  such 
as  P,  and  so  each  set  suffices  for  a  winding  in  every  possible 
case. 

The  complete  list  of  these  circuits  is  presented  by  Table 
V  in  the  form  of  16  charts,  one  for  each  of  the  four-degree 
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circuits  of  PMg.  5.  The  interpretation  of  the  chart  will  be  under- 
stood by  considering  the  meaning  of  the  insert  in  the  chart  for 
circuit  M,  the  first  line  of  which  reads  ilf  2463  AC  56.12  =  672. 
The  first  group  of  four  figures  comprises  the  four  branches 


U  ^  V  W  X 

Pio.  5 — Geometrical  Circcitb  with  Four  Dborees  op  Fhekdou 


in  which  the  four  resistances  are  placed;  A  is  a  reference 
letter  used  in  the  body  of  a  chart  to  show  every  distribution 
of  transformer  elements  with  which  this  resistance  distribu- 
tion occurs  (for  example  the  first  entry  of  A  shows  that  the  two 
transfonners  may  have  their  windings  in  branches  1,  2,  6  and 
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1,  2,  6) ;  the  next  part  of  the  insert  is  56,  which  is  the  number 
of  times  the  reference  letter  A,  or  C  which  includes  A  in  com- 
bination with  other  reference  letters,  occurs  in  the  chart;  12 
is  the  number  of  permutations  of  the  four  resistances,  considered 
non-interchangeable,  among  the  four  branches,  2,  4,  6,  3  which 
give  distinct  geometrical  circuits;  672,  the  product  of  56  and 
12,  is  the  total  number  of  distinct  circuits  for  this  resistance 
grouping  in  the  assigned  branches.  The  second  line  shows 
780  cases  for  the  only  other  possible  distinct  group  of  branches 
for  the  resistances,  and  the  total  of  all  distinct  circuits  obtain- 
able with  the  geometrical  circuit  M  is  given  as  1452. 

The  method  of  making  these  charts  is  sufficiently  evident. 
It  is  necessary  to  make  the  distribution  of  resistances  such  that 
they  enjoy  four  degr^s  of  freedom;  to  count  the 'distinct 
permutations  of  resistances  in  the  geometrical  circuit;  to  make 
each  transformer  enjoy  three  degrees  of  freedom,  and  the  two 
transformers  taken  together  four  degrees  of  freedom;  to  have 
at  least  one  element  in  every  branch  of  the  circuit;  and  finally 
to  apply  the  test  for  distinctness  of  circuits  at  each  step. 
Crosses  in  the  charts  indicate  the  failure  of  the  six  windings 
to  utilize  the  required  number  of  degrees  of  freedom. 

Table  II  under  the  heading  "Windings  3+3"  gives  the  total 
number  of  distinct  circuits  for  each  of  the  fifty-five  distribu- 
tions of  resistances  in  four-degree  circuits,  classified  according 
to  the  maximum  number  of  circuits  which  differ  only  in  permu- 
tations of  resistances.  These  permutations  depend  upon  both 
the  asjnnmetry  of  the  fundamental  geometrical  circuit  and  the 
asymmetry  introduced  by  the  transformer  windings.  In 
Table  V  the  listed  permutations  are  based  entirely  upon  the 
asymmetries  of  the  geometrical  circuit;  the  asymmetries  of 
the  windings  are  taken  care  of  in  the  body  of  the  charts  which 
makes  this  enumeration  agree  with  that  of  Table  II. 

Typical  cases  which  will  serve  as  examples  illustrating  the 
winding  ratios  required,  are  shown  by  Table  III  which  contains, 
among  others,  all  sjnnmetrical  cases  having  less  than  12  permu- 
tations. The  first  line,  for  example,  shows  that  taking  the 
foiu*-d^gree  circuit  L  and  placing  the  resistances  and  windings 
in  the  branches  whose  numbers  appear  immediately  below 
the  letters  designating  these  resistances  and  windings,  viz., 
1234,  125, .  345,  we  have  an  unrestricted  maximum  output 
circuit  provided  the  windings  on  one  transformer  are  in  the 
ratio  {Pi  +  Q-  R):  (Pi-  Qi  +  Ri):  Pi  and  on  the  other 
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transformer  in  the  ratio  (P-  Q  +  Ri):  (P  +  Qi-  R):  P.. 
Moreover  this  circuit  is  symmetrical  with  respect  to 
branches  1  and  2  which  may  be  interchanged  without  giving 
a  distinct  circuit;  similarly  with  respect  to  branches  3  and  4; 
and  finally  there  is  a  third  symmetry  which  does  not  alter 
the  circuit,  if  branches  1  and  2  are  changed  with  branches  3 
and  4,  respectively.  This  leaves  three  distinct  permutations 
for  the  resistances,  and  since  circuit  L  has  eight  sign  combina^ 
tions  for  the  currents,  the  total  number  of  different  cases  is  24. 
In  place  of  two  transformers  each  having  three  windings, 
we  might  employ  one  transformer  having  a  two-mesh  core 
and  six  windings,  since  the  two  types  of  transformers  are 
shown  by  Appendix  VI  to  be  exactly  equivalent  when  they 
may  be  regarded  as  ideal  transformers.  If  two  windings, 
one  from  each  of  the  two  transformers,  are  in  series,  the  two- 
mesh  transformer  may  be  arranged  to  replace  them  by  one 
winding;  a  total  of  five  windings  will  then  be  sufficient.  With 
actual  transformers  there  are  practical  differences  between 
single-mesh  core  and  multi-mesh  core  types,  which  has  led  to 
a  proposal  that  multi-mesh  core  transformers  be  used,  the 
original  suggestion  having  been  made  by  Mr.  K.  S.  Johnson. 

7.  Maximum  Output  Circuits  Employing  One  Transformer 

If  certain  relations  hold  between  the  resistances  and  the 
input  ratios,  one  or  two  of  the  windings  of  one  or  both  of  the 
three-winding  transformers  may  require  only  zero  turns,  when 
certain  circuit  connections  are  employed;  these  special  cases 
have  been  included  in  Tables  I,  II,  and  III,  and  the  restric- 
tions or  relations  imposed  are  given  by  Table  III.  The 
more  important,  of  the  special  cases  are  those  in  which  one 
of  the  two  transformers  may  be  entirely  eliminated;  this  happens 
when  two  of  the  three  windings  vanish,  leaving  the  other 
winding  to  open  effectively  the  branch  in  which  it  occurs 
on  account  of  the  infinite  impedance  it  introduces,  and 
thereby  reduce  the  degree  of  the  circuit  from  four  to 
three. 

All  of  the  174  distinct  maximum  output  circuits  with  four 
resistances  and  one  transformer  having  no  superfluous  wind- 
ings are  shown  in  Fig.  7*,  distinct  symbols  being  employed  to 
represent  the  transmitter  T,  the  receiver  i?,  the  line  L,  auxiliary 

•The  correctness  of  this  enumeration  of  the  174  circuits  has  been  in- 
dependently checked  by  Mr.  F.  W.  MoKown. 
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into  the  transmitter  and  receiver,  respectively.  These  limita- 
tions are  also  given  in  graphical  form  by  Fig.  8  where  the  two 
re^tance  ratios  are  plotted  for  each  of  the  circuits  for  both 
y  =  1  and  y  =  1.5.  The  curves  occurring  on  this  drawing 
are  marked  with  reference  letters  A,  B.  .  .  .  M,  M',  N,  N' 
which  also  occur  on  Fig.  7,  by  means  of  which  the  curve 
applying  to  any  one  of  the  174  circuits  may  be  readily  found. 
It  will  be  noted  that  a  few  of  the  curves  have  more  than  one 
branch  for  a  given  value  of  y,  e.  g..  A,  N,  N',  M,  M',  the  last 
of  which  falls  off  the  drawing. 

Yig.  8  shows,  for  example,  that  if  {T/L  =  1,  R/L  =  2)  no 
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one-transformer  circuit  can  be  adapted  to  give  maximum  output 
with  any  value  of  y  in  the  range  from  1  to  1.5.  If,  however, 
(r/L  =  2,  Rjh  =2,  y  =  \)  all  of  the  circuits  bearing  the 
reference  letters  A,  B,  K,  F,  and  G  may  be  employed;  these 
ar«  circuits  /,  1-28;  II,  1-54;  ///,  1-3;  IV,  13-24  of  Fig.  7, 
a  total  of  97  distinct  circuits  from  which  to  choose  in  making 
practical  application. 

8.  Maximum  Output  Circuits  With  Superfluous  Windings 

The  enumeration  of  maximum  output  circuits,  with  the 

minimum  number  of  windings,  has  been  carried  through  for 
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into  the  transmitter  and  receiver,  respectively.  Theae  limita- 
tions are  also  pven  in  graphical  form  by  Fig,  8  where  the  two 
resiBtance  ratios  are  plotted  for  each  of  the  circuits  for  both 
y  =  1  and  y  =  1.5.  The  curves  occurring  on  this  drawing 
are  marked  with  reference  letters  A,  B.  .  .  .  M,  M',  N,  N' 
which  also  occur  on  Fig.  7,  by  means  of  which  the  curve 
applying  to  any  one  of  the  174  circuits  may  be  readily  found. 
It  will  be  noted  that  a  few  of  the  curves  have  more  than  one 
branch  for  a  given  value  of  y,  e.  g.,  A,  N,  N',  M,  M',  the  last 
of  which  falls  off  the  drawing. 
Rg.  8  shows,  for  example,  that  if  {T^L  =  1,  R/L  =  2}  no 
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one-transformer  circuit  can  be  adapted  to  give  maximum  output 
with  any  value  of  y  in  the  range  from  1  to  1.5.  If,  however, 
(T/L  =  2,  RjL  =2,  y  =  1)  all  of  the  circuits  bearing  the 
reference  letters  A,  B,  E,  F,  and  G  may  be  employed;  these 
are  circuits  /,  1-28;  II,  1-54;  III.  1-3;  IV,  13-24  of  Fig.  7, 
a  total  of  97  distinct  circuits  from  which  to  choose  in  making 
practical  application. 

8.  Maximum  Output  Circuits  With  Superfluous  Windings 

The  enumeration  of  maximum  output  circuits,  with  the 

minimum  number  of  windings,  has  been  carried  through  for 
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the  purpose  of  facilitating  the  selection  of  the  simplest  possible 
circuit  for  practical  applications.  In  many  cases,  however, 
conditions  will  be  presented  which  cannot  be  adequately  met 
by  the  use  of  just  these  circuits,  and  it  is  necessary  to  turn  to 
others  which  have  a  somewhat  larger  number  of  windings. 
When  no  limit  is  placed  on  the  number  of  windings,  there  is 
also  no  limit  to  the  number  of  possible  maximum  output 
circuits. 

A  group  of  circuits  which  seem  to  present  certain  broad 
practical  possibilities  are  the  fifty-five  four-degree  circuits 
with  four  resistances  of  Table  II,  when  employed  with  a  wind- 
ing in  each  branch  from  each  of  two  transformers.  This 
gives  from  two  to  twelve  extra  windings  and  permits  the 
introduction  of  additional  symmetries.  The  circuit  having 
two  superfluous  windings  is  the  master  circuit  which  is  im- 
portant on  account  of  the  high  degree  of  symmetry  it 
presents. 

Maximum  output  circuits  may  be  obtained  from  any  geo- 
metrical circuit  with  four  or  more  degrees  of  freedom  by  in- 
serting four  resistances  in  four  branches  which  utilize  four 
degrees  of  freedom,  and  then  proportioning  two  or  more  ideal 
transformers  so  as  to  meet  the  master  circuit  requirements 
for  the  desired  choice  of  conjugate  pairs  of  resistances,  input 
ratios,  and  directions  of  current  flow.  A  possible  way  of  pro- 
I)ortioning  the  transformers  is  given  in  Appendix  IV. 

9.  Circuits  Composed  of  Three  Resistances  and  Ideal 

Transformers 

The  ordinary  telephone  substation  employs  a  transformer, 
or  induction  coil,  to  connect  the  three  resistance  elements, 
transmitter,  receiver,  and  line,  and  includes  no  balancing 
resistance.  In  order  that  a  comparison  of  these  circuits  with 
the  maximum  output  circuits  may  readily  be  made  by  any  one 
interested  in  substation  circuits,  these  circuits  will  be  discussed 
and  all  possible  cases  involving  the  minimum  number  of 
elements  will  be  listed. 

Appendix  V  gives  the  mathematical  discussion  from  which 
it  appears  that  there  are  two  entirely  distinct  types  of  circuit, 
for  one  of  which  the  plus  sign  of  (54)  holds,  and  for  the  other 
the  minus  sign.  These  will  be  called  the  series  and  parallel 
types  of  circuit,  respectively,  since  the  two  types  have  the 
directions^of  current  flow  corresponding  to  the  simple  series 
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and  parallel  connection  of  three  resistances.  This  distinction 
was  first  pointed  out,  and  the  terminology  adopted  by, 
Mr.  K.  S.  Johnson,  who  made  a  systematic  investigation  and 
enumeration  of  the  54  circuits  obtainable  with  three  resistances 
and  not  more  than  one  transformer.  While  the  two  types 
of  circuit  differ  as  regards  the  directions  of  current  flow,  the 
energy  relations  which  depend  upon  the  squares  of  p,  q,  r  are 
the  same  for  both  types.  One  resistance  may  be  made  to 
have  its  maximum  output  divided  arbitrarily  between 
the  other  two  resistances;  but  it  is  not  possible  to 
have  maximum  output  from  all  three  resistances,  or  from  two 
resistances,  imless  the  third  resistance  is  effectively  disconnected 
from  tjie  system. 

The  enumeration  of  all  circuits  containing  the  minimum 
number  of  elements  which  impose  no  restrictions,  in  addition 
to  those  which  are  inherent  between  the  input  ratios  and  the 
resistance  ratios,  has  been  made  in  the  same  matter  as  for 
the  four-resistance  maximum  output  circuits.  The  following 
totals  were  found : 

TABLE  VII 


Type 

Trans- 
formers 

Windings 

Restric- 
tions 

Distinct 
circuits 

Total 
cases 

Series 

2 
1 

1 
1 
0 
0 

2+2 
3 
2 
2 
0 
0 

0 
0 
1 
1 
2 
2 

186 
28 
12 
12 

1 

1 

681 

97 

24 

24 

1 

1 

p%rftU4^1     

Series 

Parallel 

Series 

Parallel 

240 

828 

All  240  distinct  circuits  are  presented  by  Fig.  9  where 
the  three  resistances  are  drawn  in  heavy  lines,  the  windings 
of  one  transformer  in  light  lines  and  of  the  other  transformer 
dotted.  On  Fig.  9  series  type  circuits  appear  above,  and 
parallel  type  circuits  below;  all  circuits  imposing  no  restric- 
tions occur  in  the  left  blocks,  those  imposing  one  restriction 
in  the  middle  blocks,  and  those  imposing  two  restrictions  in 
the  right.  Several  different  restrictions  are  involved  which 
are  designated  by  the  letters  A,  A\  B,  B\  C,  C,  A  D\  G,  / 
placed  at  the  left  of  each  row  of  circuits  to  which  they  apply. 
The  same  letters  are  found  on  Fig.  8  where  the  restrictions 
between  the  values  of  R/L,  T/L,  and  y  =  p^/q^  are  shown 
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graphically,  on  the  assumption  that  p*  +  g*  =  1  so  that  the 
line  L  has  maximum  output. 

All  the  information  necessary  for  calculating  the  turn- 
ratios  of  the  transformer  windings,  to  give  maximum  output 
of  any  one  of  the  three  resistances  divided  in  any  de- 
sired proportion  between  the  other  two  resistances  and  with 
any  possible  directions  of  current  flow,  is  given  in  Table  VI. 
This  table  is  similar  to  Table  III  and  does  not  require  special 
explanation.  Since  Table  VI  gives  the  complete  rules  for 
proi>ortioning  each  of  the  circuits,  it  is  not  necessary  to  go  back 
to  the  formulas  of  Appendix  V  in  making  the  calculation  for 
a  particular  circuit. 

Without  the  restriction  to  the  minimum  number  of  elements 
there  is  no  limit  to  the  total  number  of  possible  circuits.  Any 
circuit  with  three  or  more  degrees  of  freedom,  having  the  three 
resistance  elements  in  branches  utilizing  three  degrees  of 
freedom,  and  a  winding  from  each  of  one  (two)  or  more  ideal 
transformers  in  every  branch,  may  be  proportioned  to  be  an 
unrestricted  parallel  (series)  type  circuit.  Every  such  cir- 
cuit is  equivalent  to  one  of  the  214  unrestricted  circuits  shown 
on  Fig.  9,  so  far  as  the  electrical  behavior  in  the  resistance 
elements  is  concerned,  as  is  readily  seen  from  the  properties 
of  ideal  transformers  stated  in  Appendix  VI. 

Two  two- winding  transformers  so  connected  into  a  circuit 
that  one,  and  only  one,  closed  path  is  formed  by  windings, 
are  equivalent  to  a  three-winding  transformer,  and  for  some 
purposes  may  be  regarded  as  of  the  same  order  of  complexity. 
Accordingly  it  may  be  noted  that  there  are  186  unrestricted 
parallel  type  circuits  each  employing  two  two-winding  trans- 
formers, equivalent  in  electrical  behavior  to  the  28  unrestricted 
parallel  type  circuits  using  a  three-winding  transformer 
shown  on  Fig.  9. 

APPENDIX  I 

General  Properties  of  Maximum  Output  Networks  and 

Circuits 

Without  going  into  details  with  respect  to  the  network  to  be 
employed,  a  number  of  important  properties  of  maximum 
output  networks  and  circuits  can  be  deduced  from  the  conserva- 
tion of  energy  and  other  fundamental  considerations.  These 
properties  will  first  be  stated  as  eleven  propositions  and  will 
then  be  proved. 

1.  The  network  connecting  the  four  resistances  can  coiit;aAXi 
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no  resistances,  or  other  sources  of  dissipation,  and  must  thus  be 
made  up  entirely  of  reactances. 

2.  Between  the  six  pairs  of  the  four  resistances  (A,  B;  C,  D) 
(A,  C;  B,  D)  (A,  D;  B,  C)  there  are  but  three  input  ratios 
P\  9S  ^^;  their  total  is  equal  to  unity,  and  at  least  one  of  the 
three  must  vanish,  i,  e,, 

p2  +  g2  +  r2  =  1  (1) 

pqr  =  0  (2) 

3.  The  driving  point  impedances  Sn,  S22,  Szz,  Su  and 
driving-driven  point  impedances  5i2,  5i3,  etc.,  or  one-point  and 
two-point  impedances  between  points  1,  2,  3,  4  located  in  the 
four  resistances  A,  B,  C,  D  have  the  following  magnitudes: 

o  11  =  2  A,    *J22  =  2  B 


5„  =  2C,   Su=2D 
2 


(3) 


5«l  = 


VAB 


P 


5,  J  = 


5„|  = 


I  S„  I  = 


2\VAC 


S,,\  = 


2\VBC 


5l4l    = 


2    VCD 

V 

2     y/BD 

Q 

2    VAD 

(4) 


4.  The  phase  angles  of  the  two-point  impedances  are  subject 
to  one  condition,  provided  four  of  these  impedances  are  finite, 
viz,,  the  angles  of  the  products  of  non-adjacent  finite  two-point 
impedances  differ  by  180  degrees,  e.  g,, 

arg  (Siz ^24)  =  arg  (-  Su Soz)  (5) 

a  condition  which  is  also  contained  in  the  relation 


01a  u 


13  *J23 


-jj- ,  where  523'  =  conjugate  of  ^23 


If  all  5's  are  real  and  p^  =  0  we  may  conveniently  use  the  expressions 


Oia  = 


VAC 


,  *324    = 


5l4    = 


VAD 


,  <J23    — 


9i 


2, 


VBD 


VBC 


gs  +  r^  =  1,    qfi  =  ±  g,    ri  =  T  r 

qqi  rti  <  0. 
where  g,  q\,  t,  rj  are  real,  either  positive  or  negative. 
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5.  A  maximum  output  circuit  which  imposes  no  restriction 
upon  the  values  of  the  four  resistances,  and  only  the  necessary 
restrictions  (1)  and  (2)  between  the  input  ratios,  must  have  at 
least  four  degrees  of  freedom;  for  given  resistances  and  given 
input  ratios  the  two  effective  degrees  of  freedom  remaining  in 
a  four-degree  circuit  containing  two  ideal  transformers  are 
sufficient  for  maximum  output. 

6.  If  a  circuit  contains  three  resistances,  one  of  which  has  its 
maximimi  output  into  the  other  two,  (and  not  into  one  alone), 
these  two  being  mutually  conjugate,  the  circuit  must  contain  at 
least  one  additional  resistance,  and  if  these  four  resistances  are 
the  only  resistances,  the  connecting  network  is  a  maximum 
output  network. 

7.  If  two  resistances  each  have  their  maximum  output  into 
the  same  two  resistances,  the  circuit  can  include  no  resistance 
excef)t  these  four,  and  the  connecting  network  is  a  maximum 
output  network. 

8.  If  a  circuit  contains  but  four  resistances,  of  which  three 
have  maximum  output,  then  the  fourth  resistance  must  also 
have  maximum  output. 

9.  In  case  all  two-point  impedances  are  real,  increasing  the 
value  of  all  four  resistances  in  the  same  ratio  leaves  the  maxi- 
mum output  property  unaltered;  increasing  the  value  of  but 
two  resistances  which  are  conjugate  in  the  same  ratio  w  destroys 
the  maximum  output  property,  but  all  one-i)oint  and  two-point 

impedances  are  increased  by  the  common  ratio   -^ — ^ — ^  ; 


increasing  the  values  of  two  conjugate  resistances  (A,  B)  in 
the  ratios  (v,  w),  respectively,  changes  the  value  of  pi  from 

,         2qr  (w—  v) 
zero  to 


(w  +  1)  (V  +  1)  • 

10.  A  maximum  output  network  made  up  entirely  of  ideal 
transformers  will  have  real  two-point  impedances,  and  will  hold 
for  all  frequencies. 

11.  The  two-point  impedances  of  a  given  maximum  output 
circuit  may  all  be  made  real  at  a  given  frequency,  or  be  given 
any  assigned  phase  angles  consistent  with  the  phase  conditions 
(5)  by  inserting  sections  of  ideal  artificial  crossed-capacity  lines 
between   the  resistances   and   the   network.    The   artificial 
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sections  leave  the  maximum  output  property  standing  for  all 
frequencies  if  it  held  for  the  original  network. 
Proofs.    It  is  known  that  a  given  electromotive  force  E,  in  a 

E* 
given  resistance  A,  cannot  have  a  greater  output  than 


4A 


into  the  circuit  outside  of  A,  and  that  it  will  have  this  output 
into  any  resistance  B,  provided  the  two  resistances  are  connected 
by  an  ideal  transformer  of  suitable  ratio.  Since  the  total 
possible  output  from  a  resistance  can  be  transferred  to  any 
second  resistance,  it  follows  that  the  maximimi  output  net- 
work, as  defined  above,  cannot  itself  absorb  any  of  the  energy, 
and  in  consequence  cannot  contain  any  resistances  or  any  other 
dissipative  sinks;  this  is  proposition  1. 

Proi)osition  3  giving  the  magnitude  of  the  5's  follows  from 
the  definitions  of  p,  q,  r  and  the  5's.  The  values  given  in  (7) 
follow  by  condition  (5)  as  the  most  general  possible  if  the  S's 
are  real. 

In  Fig.  2  let  pS  q^,  r^  be  the  input  ratios  for  the  energy 
received  in  B,  C,  D,  respectively,  from  an  electromotive  force 
in  A,  and  therefore  p^  +  q^  +  r^  =  1,  since  by  assumption  the 
total  output  into  B,  C,  D  is  the  maximum  possible.  These 
input  ratios  enjoy  the  reciprocal  property,  that  is,  if  the  elec- 
tromotive force  is  transferred  from  A  to  B,  the  amount  of 
energy  received  in  A  will  still  be  a  p^  part  of  the  maximum 
which  any  network  could  transfer  from  B  to  A.  With  this 
reciprocal  property  recognized  it  can  now  be  shown,  as  a  con- 
dition imposed  by  energy  conservation,  that  the  remaining 
three  input  ratios  of  the  maximum  output  circuit  must  also 
be  p',  q^,  r^.  For  suppose  that,  instead  of  p^  between  C  and  D, 
we  had  p^  +  a;  then  to  make  the  total  output  of  D  and  C  each 
equal  to  unity  we  must  have  q^—  a  between  D  and  B  and 
r'^—  a  between  C  and  B.  But  B  must  also  have  its  maximum 
output  and  this  requires  a  =  0. 

The  conservation  of  energy  will  be  satisfied  by  virtue  of  the 
preceding  conditions  for  an  electromotive  force  in  any  one  of  the 
four  resistances,  but  it  must  also  be  satisfied  when  two  inde- 
pendent electromotive  forces  are  simultaneously  active  in 
different  resistances.  For  this  the  conditions  are  given  by  (18) 
with  til  =  ^22  =  tzz  =  ^44  =  1  since  each  of  the  four  resistances 
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is  to  have  maximum  output.    Rewrite  the  first  three  of  the  six 
conditions  (18)  as  follows: 


tl2    tzz   =   —   tu    tzi 
tl2  tlZ      =  —   ^24  ^84 

and  their  product  is 

tii  tii  tiz  r    =   ~    I  ^84  ^24  ^14  I* 


(8) 


which  requires  that  at  least  one  t  on  each  side  vanish,  and  refer- 
ence to  the  set  of  three  equations  shows  that  the  vanishing  pairs 
must  be  t^,  U4;  tn,  ^24;  or  (2$,  tu;  thus  p,  q,  or  r  must  vanish 
for  they  are  of  the  same  magnitude  as  the  ^'s.  This  was 
expressed  above  by  the  condition  pqr  =0.  Proposition  2 
with  its  noteworthy  biconjugacy  condition  is  thus  proved  as  a 
necessary  consequence  of  the  conservation  of  energy. 

All  but  two  of  the  six  conditions  (18)  contain  any  one  of  the 
pairs  ti2,  tu;  tiz,  ^24;  or  t2i,  tu,  and  thus  all  but  two  are  satisfied 
by  the  vanishing  of  any  one  pair.  The  remaining  two  condi- 
tions would  be  satisfied  by  a  second  pair  of  vanishing  ^'s,  but 
we  shall  assume  that  this  is  not  the  case  since  the  circuit  would 
then  fall  into  two  electrically  imconnected  parts,  each  containing 
a  pair  of  resistances,  and  this  arrangement  has  no  interest  for 
us.  Let  the  one  and  only  vanishing  pair  of  t's  be  ^12,  ^84. 
The  remaining  two  conditions  are,  if  written  in  terms  of 
the  S% 

O  18  02S  C 


Su  SiA  D 


S31  04/ 


«<)32  «<)42  IJ 


both  of  which  are  consistent  with  the  necessary  magnitudes  of 
the  5's  as  given  in  (4)  and  both  of  which  require  the  angular 
condition  (5). 

Proposition  5  may  be  proved  as  follows:  In  case  it  is  p  that 
is  zero  and  all  two-point  impedances  are  real,  and  there  is  but 
one  electromotive  force,  which  is  located  in  one  of  the  four 
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resistances,  the  currents  in  the  four  resistances  must  stand  in 
the  proportion 


I  y/CD 
or  0 


OTq\y/BC 


0Tr\^/BD 


0         :  g  I  VA  Z)  I  :  r  I  VA  C 


\y/CD\:r,\y/BD\:q,\VBC\ 


\y/AC\:      I  VA  B  I  :  0 


(9) 


gi|VAZ)|:         0  :      \^/AB 

according  as  the  electromotive  force  is  placed  in  A,  S,  C,  Z), 
respectively,  which  follows  from  the  values  for  the  one-point  and 
tw9-i)oint  impedances  given  in  (3)  and  (7).  These  proportions 
are  not  completely  independent,  for  the  sum  of  the  first  three 

multiplied  by  q  WB\,  Ti  \y/A\,  —  \VD\,  respectively,  vanishes, 
with  similar  linear  relations  for  any  three  of  the  four  propor- 
tions. The  circuit  taken  as  a  whole  has,  therefore,  but  two 
effective  degrees  of  freedom.  The  linear  relations  between  the 
proportions  are,  however,  not  independent  of  q,  r,  A,  B,  C,  D, 
and  hence  the  circuit  must  have  inherently  at  least  four  degrees 
of  freedom ;  the  effective  degrees  of  freedom  may  be  reduced  to 
two  by  ideal  transformers  or  other  means  which  impose  fixed 
relations  between  the  currents  in  different  branches.  The 
nimiber  of  independent  transformers,  could  not  be  more  than 
two,  since  each  transformer  imposes  one  linear  relation  among 
the  currents.  It  is  shown  in  Appendices  III  and  IV  that  any 
circuit  having  four  degrees  of  freedom  may  be  made  a  maximum 
output  circuit  by  properly  distributing  the  resistances  and  the 
six  windings  of  two  suitably  proportioned  three-winding 
transformers  among  the  branches,  which  completes  the  proof 
of  proposition  5. 

To  prove  proposition  6  let  q^,  r^  p^  =  0  he  the  input  ratios 
between  A,C;  Ay  D;  and  C,  D,  where  q^  +  r^  =  I  and  neither 
q  nor  r  vanishes.  Assume  that  C  does  not  have  its  maximum 
output  and  insert  reactance  and  an  ideal  transformer  between 
C  and  the  network,  and  so  proportion  them  that  the  output  of 
C  shall  be  a  maximum,  which  must  be  possible  since  it  has 
initially  an  input  into  A,  and  it  is  necessary  only  to  annul  the 
reactance  of  the  remainder  of  the  system  and  step  its  impedance 
up  or  down  so  as  to  make  it  equal  to  the  resistance  C.  All 
inputs  from  C  will  be  increased  in  the  same  ratio  and  thus  q^ 
must  be  increased;  the  input  from  A  to  D  will  not  be  changed 
since  D  is  conjugate  to  C;   the  total  input  from  A  into  all 
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resistances  other  than  C  and  D  may  be  increased,  but  cannot 
be  decreased,  since  it  is  zero  to  start  with.  The  total  output 
from  A  has  thus  been  increased;  but  this  is  impossible  since  A 
was  assumed  at  the  start  to  have  its  maximimi  output.  It 
follows  that  C  also  had  originally  its  maximimi  output.  Simi- 
larly for  D.  But  by  assumption  neither  q^  nor  r'  is  equal  to 
unity,  and  therefore  there  must  be  at  least  a  fourth  resistance 
in  the  circuit  to  receive  the  output  from  C  and  D  which  is  not 
absorbed  by  A.  If  we  assume  that  there  is  but  one  additional 
resistance  B,  the  inputs  of  C  and  D  into  this  resistance  must 
be  r'  and  gS  and  this  ensures  that  the  entire  circuit  possesses 
the  maximum  output  property. 

To  prove  proposition  7  let  q^,  r',  g*  +  a,  r'  —  a  be  the  input 
ratios  between  the  resistance  pairs  A,  C;  A,  D;  B,  D;  B,  C, 
respectively,  where  q^  +  r^  =  1.  These  are  the  most  general 
relations  which  meet  the  conditions  of  the  proposition  and  they 
make  the  output  of  C  and  D  equal  toq^  +  r^  dta  +  (input  into 
other  resistances  than  A  and  B) .  Since  no  output  can  be  either 
greater  than  unity,  or  negative,  a  must  vanish,  and  there  can  as 
well  be  no  input  into  any  resistances  other  than  A  and  B.  The 
circuit  is  therefore  a  maximum  output  four-resistance  circuit. 

Proposition  8  is  proved  by  substituting  tn  =  ^22  =  <««  =  1  in 
(18),  which  reduces  the  first  three  of  the  conditions  to  the  form 
(8)  used  above,  and  making  one  of  these  substitutions  in  the 
remaining  three  conditions  which  shows  that  tu  =  1,  and  there- 
fore the  fourth  resistance  also  has  maximum  output. 

To  prove  proposition  9  note  that  multiplying  the  magnitudes 
of  two  conjugate  resistances,  say  C,  D,  by  the  factor  w,  multi- 
plies the  associated  one-  and  two-point  impedances  Sss,  544,  Sn, 
S32,  S41,  542,  534    (equals  infinity)    by  the  common  factor 

- — ^ — -  since  the  outgoing  current  for  given  electromotive 

forces  in  these  resistances  is  cut  down  in  this  ratio.  To 
determine  the  new  values  of  the  three  remaining  impedances 
5ii,  522,  5i2,  substitute  the  values  of  the  seven  impedances  just 
found  in  (16)  and  (18)  the  first  three  of  which  then  give  Sn 
=  A{w  +  1),  522  =  B{w  +  1),  5i2  =  infinite.  Thus  all  of 
the  one-  and  two-point  impedances  have  been  multiplied  by 

the  same  factor  ^^  J"    ^  as  stated  in  the  second  clause  of 
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proposition;  one  consequence  is  that  the  biconjugate  relation 
is  left  unchanged.  Now  increase  resistances  A,  B  to  Aw,  Bw 
which  changes  the  one-point  impedances  at  these  resistances  to 
2 Aw,  2 Bw  and  leaves  them  conjugate;  since  they  have 
maximum  output  the  circuit  is  now  a  maximum  output  circuit 
by  proposition  7.  Multiplying  the  magnitudes  of  two  conju- 
gate resistances  A  and  B  by  the  factors  v  and  w,  respectively, 
multiplies  the  associated  one-  and  two-point  impedances  Su, 

Szi,  Sai  and  ^22,  ^32,  ^42  by  the  common  factors   ^    "t    ^    and 
-^^ — ^^-^  ,  respectively,  Sn  remaining  infinite.    Substituting 


these  values  in  (16)  and  (18)  we  find  that 

2qr  (w—  v) 


hi  =  Pi  = 


(w  +  1)   (V  +  1)' 

No  formal  proof  of  proposition  10  is  necessary  at  this  point 
since  networks  composed  of  ideal  transformers  are  investigated 
in  considerable  detail  in  Appendices  III  and  IV. 

Proposition  11  follows  from  the  fact  that  the  ideal,  artificial 
crossed-capacity  line.  Fig.  3,  has  a  pure  resistance  iterative 

impedance  VL/C  which  is  independent  of  frequency  and  may 

be  given  any  phase  angle  2  tan-^  1/2  pVL  C  per  section. 
Three  artificial  line  sections  are  sufficient,  but  four,  one  for 
each  resistance,  may  be  used  to  give  symmetrical  expressions 
for  all  two-point  impedances.  The  iterative  impedance  of  any 
section  of  line  is  equal  to  the  square  root  of  the  product  of  the 
open  and  closed  circuit  impedances.  The  phase  difference, 
that  is,  the  lag  of  the  current  at  the  far  end  behind  the  current 
at  the  transmitting  end,  is  the  imaginary  part  of  the  propaga- 
tion constant,  which  is  equal  to  the  anti-hyperbolic  tangent 
of  the  square  root  of  the  quotient  of  the  closed-circuit  impedance 
divided  by  the  open-circuit  impedance.  For  the  artificial  line 
section  of  Fig  .3  the  open-  and  closed-circuit  impedances  are 

■§- ( 4  ^  p  ^  + -c|r )  ^"^  r/l— ^^^ — 2— \(^«> 

respectively.  Using  these  we  obtain  the  values  stated  above 
for  the  iterative  impedance  and  phase  angle. 
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APPENDIX  II 

Conservation  of  Energy 

In  any  network  made  up  of  resistances,  self  inductances, 
mutual  inductances,  capacities  (Rg,  Lg,  Mgr,  Cg)  with  instan- 
taneous impressed  electromotive  forces  (eg)  and  currents 
(ig,  if)  the  conservation  of  energy  demands 

^egig  =  ^Rgig^  +  d/dt 

(11) 

and  in  the  special  case  of  steady  cisoidal  oscillations  with  im- 
pressed electromotive  forces  Eg  cia  (pt),  currents  Ig  cis  (pt), 
self  impedances  Zg,  mutual  impedances  Zgr,  this  condition 
becomes,  after  dropping  the  common  factor  cis  i2pt), 

ZEgIg    =    XZgIg*+2ZZgrIgIr  (12) 

By  introducing  one-  and  two-point  impedances,  the  electro- 
motive forces  and  currents  may  be  eliminated  and  two  sets  of 
conditions  of  the  following  forms  obtained: 

Sjk  ^^       ^     Sjg  SkQ  ^^  '     '       Sjg  Skr  Sjr  Skq       ) 

(13) 
or  tjk  +  tjk'  =  S  <>«  tk,'  (15) 


,  .  2    -y/Rj  Rk 

where    tjk  =  — '     o  — 


(16) 


and  a  prime  accent  indicates  "conjiigate  of." 

With  a  total  of  four  resistances,  there  are  ten  relations  of  the 
form  (15)  which  it  is  convenient  to  have  written  out  in  full: 


I  <ii  -  1 1*  +  I  <i.  I'  +  Mij  I'  +  I  tu  I*  =  1  ] 
|<«|*  +  M«-1|'  +  Us»|^  +  UmP  =  1 

I  tu  I»  +   I  <.4  I*  +   I  «.«  |«   +   I  <44  -    1  |»    =    1     J 


(17) 
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(til  —    1)  t\2     +  t\2  (^22'  —    1)    +  t\%  Ui'  +   ^14  Ui'    =    0 

(til  —  1)  tis'  +.  ^12  hz'  +  ^18  (hz'  —  1)  +  tii  Ui'  =  0 

^11  tu     +    (^22  —    1)  tiz'   +  ^28  (hz'  —    1)    +  ^24  ^84^    =    0 

[       (18) 

(til  -  1)  tu'  +  ti2  <24'  +  ^18  tzA'  +  tu  (tu'  "  1)  =  0 
tit  tu  +  (^22  —  1)  ^24'  +  ^28  ^34'  +  ^24  (^44'  —  1)  =  0 
tl8  <14'   +  t2Z  t2i'   +   (tzz  -    1)  ^4'   +  ^84  (^4'  -    1)     =   0     ^ 

In  case  all  t's  are  real,  and  we  write  p,  pi,  q,  qu  r,  ti  for  tu, 
tzi,  tit,  tti,  tu,  ttt  and  Uj  for  (tjj  -  1)  then  (17)  and  (18)  may- 
be written 


Wi«  +  p*   +q^   +  r«    =1  ^ 

ut^  +  P*  +  gi'  +  fi*  =  1 

uz'  +  Pi'  +  q'   +  fi^  =  1 
u,^  +  pi»  +  qi'  +  r^   =1  . 
p  (ui  +  Ut)  +  (?  fi  +  r  gi)    =01 
q  {ui  +  ^8)  +  (p  ri+  rpi)  =0 
ri  (^2  +  t^a)  +  (p  g  +  Pi  qi)  =  0 
r  (Ui  +  Ui)  +  (pqi  +  Piq)  =0 
qi  (ut  +  W4)  +  (p  r  +  pi  ri)  =  0 
Pi  (uz  +Ui)  +  (qr  +  qi  rO    =  0 
Excluding  the  cases  for  which 
PPi  -  qqi  =  rvi 


(19) 


(20) 


(21) 


which  are  series,  parallel,  and  other  connections  of  the  four 
resistances  that  cannot  give  a  maximum  output  circuit,  we 
find  that  in  all  remaining  cases  the  following,  of  which  the  first 
three  are  independent,  are  among  the  consequences^^of  (19) 
and,  (20) 


^11   +  ^22   +  ^33   +  ^44    =   4 


(22) 


p  g  r  +  p  gi  ri  +  Pi  g  ri  +  pi  gi  r  =  0 


(23) 


1920]  CAMBPELL  AND  FOSTER  261 

P*  +  Pi*  +  g*  +  qi*  +  r«  +  ri'  =  2  -  -^^*  ~  ^*^  ^*'*'  ~  '"'^ 


2  (pi*  -  p») 

(r.'  -  r«)  (pi«  -  p')         (Pi»  -  p')  (gi*  -  g«) 
2  (g,*  -  <7«)  2  (r,«  -  r*) 


(24) 


-^  +  n^(-^  +  i^) 


+ 


«9 


1*   /    Ti      I     PPi    \ 
\  PPi  rri    / 


jl+rjL/_PPi.      ^g^\ 

2        \   qqi         PPi  /  ^ 

r^  +  a*-\-r^-l-         [  2  (p.*  -  p«)  (gi*  -  q*)  Y  ,,-. 

[r*  (p*  +  Pi*  +  g»  +  g,»)  (p  gi  +  p,  g)*]* 

=  4  r<  (p  Pi  -  g  gO*  +  4  r»  (p  gi  +  Pi  g)*  (27) 

2p*  +  2g»  +  r*  +  n*  =  2-   ^1^^'^  -  tJ^^ 

if  Pi  =  p,  gi  =  -  g  (28) 

The  proof  of  (14)  may  be  made  by  inserting  in  branches  j,  k 
the  direct  and  retrograde  electromotive  forces  ej  =  Ej  cis  (p  t), 
Ck  =  Ek' CIS  {—  p t)  which  together  produce  in  any  branch  g 
the  current 


i.=     -J^ 


El 


-^^^  cis  (p  0  +  -^^  cis  ( -  p  0 

Substituting  these  values  for  6,  t  in  (11)  gives  a  homogen- 
eous second  degree  equation  in  the  E's  and  since  the  E's 
are  independent,  the  coefficients  of  Ej^  Ek^  and  Ej  E/ 
must  vanish  individually.  The  coefficient  of  the  product 
Ej  Ek'  is  independent  of  t,  since  cis  {p  t)  cis  ( —  p  0  =  h  con- 
sequently that  part  which  involves  differentiation  with  respect 
to  t  contributes  nothing,  the  other  terms  give  (14),  or  (15)  after 

multiplication  by  4  |  V^i  Rk  \ .  Similarly,  condition  (13)  is 
foimd  by  substituting  two  direct  electromotive  forces  Ej,  Ek 
with  the  resulting  currents  /«  =  Ej/Sjq  +  Ek/Skq  in  (12)  and 
equating  the  coefficient  of  Ej  Ek  to  zero. 
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Multiply  equations  (20)  by  Pu  qu  r,  ri,  q,  p  and  add  in  pairs 
giving  the  three  equations: 

pqr  +  pqiri  +  piqri  +  piqir  =^  ppi{ui+u%  +  Ui  +  U4) 

=  ?  ?1   (Wi  +Ut+Uz+  u^) 
=  ffl    (Ui  +Ut  +Uz  +U4) 

whence  either  (21)  or  both  (22)  and  (23)  must  hold.  Assuming 
the  latter  alternative,  taking  the  sum  of  (19)  and  reducing  by 
means  of  (22)  we  find 

2  (p«  +  pi*  +  (?«  +  gi«  +  r«  +  ri«) 

=  4  +  (tti  +  Ui)  (uz  +  Ui)  +  (ui  +  Ui)  (ttj  +  ^4) 

and  substituting  for  each  term  in  parentheses  its  value  as  given 
by  (20)  we  obtain  (25).  Combining  terms  in  (25)  which  have 
the  same  denominator  and  reducing  by  (23)  we  may  obtain  (24), 
or  by  a  rearrangement  of  terms  (26);  (27)  is  obtained  by 
elimmating  Vi  between  (23)  and  (24). 

If  Pi  =  zLp  9^  0  then  (23)  may  be  written 

P  (9  ±  qi)  (r  ±  rO  =  0 
which  requires  that  either  gi  =  =F  g  or  fi  =  =F  r,  or  in  other 
words  if  one  of  the  three  pairs  p,Pu  q,  qii  r,  fi  have  the  same 
absolute  values  then  another  pair  must  have  the  same  absolute 
value  and  the  two  pairs  will  have  opposite  sign  relations. 

That  condition  (21)  does  not  include  any  circuits  having 
maximum  output  possibilities  is  a  consequence  of  proposition 
2  above  which  demands  that  of  the  three  products  ppi,  qqu 
rvi  at  least  one  shall  be  finite  and  at  least  one  shall  be  zero. 

A  more  general  discussion  of  the  conditions  imposed  by  the 
conservation  of  energy  will  be  presented  in  another  paper. 

APPENDIX  III 

Discussion  of  the  Master  Circuit 

Rule:  The  winding  turn  ratios  a  :b  :c  :d  of  each  transformer 
of  the  master  maximum  output  circuit  must  be  equal  to  the  sum, 
after  multiplication  by  arbitrary  parameters  a,  0,  y,  S  of  any 
two  or  more  of  the  four  ratios 

0  :      P  :      Q   :R 

-  P  :       0  :      RiiQi 

(29) 

-  Q  :-  Rii       0   :Pi 

-  iJ:~  Qi:  -  Pi  :  0 
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where  P,  Pi,  Q,  Qi,  R,  Ri  are  given  by 


\VCD\P  :\VBD\Q  :\VBC  \R  :  \ 


VAB\Pi:\VAC\Qi:\VAD\Ri 


,ifp  =  0 


(30) 


,  if  ?  =  0         (31) 


iff  =  0 


(32) 


Qiiqr  : -  g* : 

q  :qir  iqqi 
r*     :  —  fi  :  —  p  r 

—  r  fi :      r  :      pri 
q^     :-  pq  :-  qii 

qqii      pqii      q 

and  A,  B,  C,  D  are  the  resistances 

P*  =  Pi'f  q^  =  qi^f  T^  =  ^1^  or^  the  inptU  ratios  and  are  stibject  to 

the  further  conditions — 

p'  +  q^  +  r^  =  1 

pgr  =  0 

pq  =  —  Piqu  qr  =  —  qiri,  r p  =  —  fi Pi  which  restrict  the 

current  directions.  The  parameters  a,  j8,  y,  d  and  a\  j8',  y',  d' 
for  the  two  transformers  must  he  such  thai  corresponding  turn 
ratios  are  not  identical;  distinct  sets  of  parameters  not  being 
necessarily  sufficient  since  but  two  of  the  four  ratios  (29)  which 
they  multiply  are  distinct. 

Proof:  For  the  case  p  =  0  the  current  proportions  (9)  must 
all  satisfy  the  ampere-turn  condition  for  each  of  the  two  ideal 
transformers  which  gives  two  and  only  two  of  the  three  condi- 
tions required  to  fix  the  turn  ratios  a  :  6  :  c  :  c{  f or  a  trans- 
former since  but  two  of  these  proportions  are  independent. 
The  third  condition  is  optional  and  it  is  convenient  to  employ 
one  of  the  same  form  as  the  other  two  but  with  arbitrary 
parameters  a,  j8,  7,  d  : 

aa  +  b  p  +  c  y  +dd  =  0  (33) 

and  if  use  is  made  of  the  last  two  proportions  of  (9)  the  two 
ami)ere-tum  conditions  are 

aq\  VB~C\  +bri\VAC~\  +c\  VAB"|  =0 


ar\VBD\+bqi\VAD\  +d|VAB|=0 

Solving  these  three  equations  we  find  that  a  :b  :c  :d\s  equal 
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to  the  sum  after  multiplying  by  a,  p,  y,  S  of  the  four  propor- 
tions: 

0 


VAB 


rilVAC 


qiWAD 


I  VAB 
0 

-  q  I  VBC 


-r\VBD 


r.  I  VA  C  I  :      -q^\VAD\ 


q\VBC 


r\VBD\ 


0         :((7g,-rr,)|  VCD  I 


-  {qqx-rrO\VCD 


0 


respectively,  which  is  one  of  the  numerous  forms  in  which  the 
above  rule  (29)  might  be  written  as  is  proved  by  multiplying 
this  form  by  qi  and  reducing  by  means  of  qr  =  —  qiti, 
g*  =  qi\  «'  +  r*  =  1. 

The  four  proportions  of  (29)  are  given  for  the  sake  of  sym- 
metry, but  the  solution  derived  from  any  two,  say  the  first  two: 

d  *  b  '  c  *  d 

=  -  pP  :aP  :aQ  +  iiRiiaR  +  pQi 


\ 


(34) 


a'  •  6'  •  c'  :  d' 

=  -  iS'  P  :  a'  P  :  a'  Q  +  iS'  /?!  :  a'  iZ  +  /3'  Qi  J 

is  i)€rfectly  general. 

The  three  formulas  (30),  (31),  (32)  may  be  combined  into 
a  single  formula  in  various  ways,  for  example: 

VCD"!  P   :  I  VB~Dr\  q   :  \  VBC~|  R   :  ] 


VAB\Pi:\VAC\  Qi:\VAD\R,     J 


[   VI  -  P'  :  >/l  -  7'  :  VI  -  r2  : 


-   \ 


[   VI  -  P'  :  VI  -  g'  :  v'l  -  r' 


1-  p' 


:pigi-  ri  :piri-  ^i  : 


qqi-  rri'.r-  piQ     :q-  Pir 

The  first  formula  fails  to  give  the  signs  and  neither  formula 
applies  to  the  circuit  except  when  proportioned  for  maximum 
output  of  all  four  resistances;  a  general  formula  is  given  below. 
The  necessary  and  sufficient  conditions  in  order  that  the  master 
circuit  may  be  a  maximum  output  circuit  are: 

AB[cdY  =  C  D  [aftp  j 
AC[bdY  =  BD  [ac]^    > 


AD[bcY  =  BC  ladY  . 


(35) 
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and,  since  all  factors  must  be  positive,  this  may  be  put  in  the 
equivalent  form 

A* :  B^ :  C^:D^  =  [a  bY  [a  cY  [a  dp  :  [a  b^  [b  cP  [6  d]* 

:  [a  cP  [6  cP  [c  dY  :  [a  dY  [b  dY  [e  dp  (36) 

The  six  quantities  [ab],  [ac],  [ad],  [be],  [bd],  [cd]  are 
abbreviations  for  (a  6'  —  a'6),  (a  c'  —  a'c),  etc.,  and  satisfy  the 
identity 

[ab]  [cd]-  [ac]  [bd]  +  [ad]  [be]  =  0  (37) 

but  are  otherwise  unrestricted  as  is  readily  seen  by  making 
d  =  a'  =  0,  6'  =  1. 

Proof:  To  establish  (35)  it  is  suflBcient  to  show  that  these 
conditions  are  necessary  and  sufficient  to  make  the  one-point 
impedances  at  A,  B,  C,  D  equal  to  2  A,  2  B,  2  C,  2  D  as 
required  by  (3).  The  determinant*  of  the  network  and  its 
principal  cof actor  are: — 

A     0     0     0      a     a' 


A  = 


0  B  0  0  6  6' 
0  0  C  0  c  c' 
0     0     0     D     d    d' 


(38) 


a      6      c      d       0     0 

a'    6'    c'    d'      0     0 

=  XAB[cdY 

=  A  B  [cdp  +  CD  [abY  +  AC  [6  dp  +  BD[acY 

+  AD[bcY  +  BC[adY 

(39) 
An  =  B  [cdp  +  C[6dp  +  D[6cP 


(terms  of  A  containing  A) 


(40) 


The  one-point  impedances  at  A  and  B  are 
Sn  =  A/ An  =  2  A  by  (3) 
Sit  =  A/A22  =2B 

*Each  ideal  transformer  introduced  into  a  network  adds  a  border 
to  the  network  determinant;  each  term  in  the  border  equals  the  numb^ 
of  turns  of  the  ideal  transformer  in  the  circuit  corresponding  to  the  row 
or  column  in  which  the  term  occurs,  as  is  proved  in  Appendix  VI. 
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and  require  A  —  A  An  —  B  An  =  0 
or  AS  [cdY  =  CD  [abf 

and  by  symmetry  the  other  two  conditions  of  the  set  (35) 
follow;  from  these  three  relations  (36)  is  obtained. 

Generalized  Rule :  Rule  (29)  for  the  winding  turn  ratios  of  the 
master  maximum  output  circuit  may  be  generalized  to  permit  any 
assigned  valves  of  p,  pi,  q,  gi,  r,  ri  which  are  real  and  satisfy  the 
fundamental  conditions  (23)  and  (24)  by  replacing  the  right  side 
of  (30,  31,  32)  by 


r  {q  +  qiv)  :r{piv-  p)  :-v{pqi  +  piq)  :  ] 
r  (qv  +  qi)  :r  (pv-  pi)  :-  (pqi  +  Piq) 


(41) 


where  V 


^  rHP^  +  Pi^  +  q^  +  qi')  +  (pqi+Piqy+2r(pqi  +  p^q) 

2r^{ppi-  q  qO 

Proof:    From  (7)  by  symmetry 


P   =    ! 


2WAB    Ai2 


Sv. 


2\VAB 


[  C  [ad][bd]+D  [ac]  [be]] 


where  A  is  the  determinant  (38)  and  A^  is  the  cof actor  of  the 
element  in  the  second  column  of  the  first  row.  To  abbreviate 
set 


L   =  [ab]\VCD\,M    =  [ac]\VBD\, 


N   =  [ad]\VBC 


Li  =  [cd]\VAB\,Mi  =  [bd]\VAC\,       

Ni==  [bc]\VAD\   J 

which  by  virtue  of  (37)  must  satisfy  the  identity 
L  Li  -  Af  Ml  +  iV  iVi  =  0 


By  (39) 


A  =  L2  +  Li«  +  M2  +  Mi«  +  N^  +  Ni^ 


(42) 


(43) 


(44) 
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and  from  the  cof actors  we  derive: 

P   =- 

2 

A 

•  (MNi  +MiN) 

Pi  =  - 

2 

A 

(MN  +  MiNi) 

9    =- 

2 

A 

{N  Lr  -  Nx  L) 

g,  =- 

2 

A 

(NL-Nt  LO 

,  .- 

2 

A 

i-  LMi-LiM) 

Vi   =  - 

2 

A 

(L  Af  +  L,  Ml) 

(45) 


Let  N  =  vNi  and  we  find  that  the  ratios  L  :M  :N  :Li:  Mi :  Ni 
have  the  values  given  by  the  right  side  of  (41).  The  expression 
for  V  is  determined  by  the  condition  that  the  value  (44)  for  A 
must  be  such  as  to  satisfy  any  one  of  the  equations  (45). 
Substituting  we  find  that  this  requires 

(F- G)i;»  +  4Ei;-  (F  +  G)  =  0  (46) 

where    E  =  r^  {ppi—  qqi) 
F   =2r  (pqi  +  piq) 

G  =  r=  (p2  +  pi*  +  q'  +  (7i«)  +  (pqi  +  ViqY 
G^  =-AE^+F^    by  (27) 

Equation  (46)  proves  to  be  essentially  a  perfect  square,  giving 

2E  G  +  F 


V  = 


G-  F 


2E 


which  upon  substituting  the  values  of  E,  F,  G  gives  the  value  of 
V  stated  in  the  above  rule.  This  value  of  v  satisfies  (43) 
which  is,  in  the  present  notation, 

Ev^-  Gv  +  E  =  0  (47) 

By  substituting  in  succession  a  =  0,6=  0,  c=  0,  d=  Oin 

(42)  and  comparing  with  (29),  we  find  that  L  :M  :N  :Li 

:  M 1 :  Ni  is  the  same  as  the  left  side  of  (30)  which  completes 

the  proof  of  the  generalized  rule  (41). 

From  (41)  the  special  cases  (30,  31)  may  be  derived  by  firat 


268  CAMPBELL  AND  FOSTER  [Feb.  19 

making  p  =  =t  Pi,  g  =  ±?i,  r  =  =F  ri,  dividing  through  by  the 
common  factor  2pq  and  then  setting  p  =  0  or  g  =  0.  The 
ratios  (41)  become  indeterminate  ifr=Oorp=zi=pi, 
g  =  =F  gi  but  on  evaluating  by  means  of  (23)  we  obtain  (32). 
As  a  practical  rule  for  proportioning  the  maximum  output 
circuit  (30,  31,  32)  is  much  simpler  than  (41)  and  has,  therefore, 
been  presented  as  the  working  rule. 

The  behavior  of  the  circuit  of  Fig.  4  has  been  shown  to 
depend  solely  upon  the  six  quantities  (42)  but  since  the  ratio 
of  these  quantities  only  is  involved  in  (45)  and  also  in  the  ex- 
pressions for  ^11,  U23  Uzy  t\\  which  correspond  to  the  one-point 
impedances  and  since*  (43)  must  hold,  there  are  but  four  inde- 
pendent parameters  involved.  This  is  also  the  number  of 
independent  quantities  among  p,  pi,  q,  71,  r,  ri  in  view  of 
conditions  (23),  (24).  The  ratios  of  the  turns  of  two  three- 
winding  transformers  is  also  four.  The  number  of  indepen- 
dents is  thus  the  same  number  four  in  each  of  the  three  aspects 
of  the  circuit,  as  it  should  be. 

APPENDIX  IV 

General  Rules  for  Proportioning  Ideal  Transformers 

IN  Maximum  Output  Circuits 

In  Appendix  III  a  general  rule  for  proportioning  the  winding 
turns  for  the  master  circuit  has  been  derived;  this  rule  may 
now  be  extended  to  all  other  maximum  output  circuits,  by 
observing  that  whatever  the  circuit  connections,  the  operation 
of  the  circuit  is  determined  by  the  ratio  of  winding  turns 
connecting  every  two  pairs  of  resistance  terminals,  as  explained 
in  Appendix  VI,  where  it  is  shown  how  ideal  transformers  may 
be  substituted  for  each  other,  without  changing  their  effect  in 
the  circuit. 

Take  any  geometrical  circuit  having  at  least  four  degrees 
of  freedom.  Pick  out  four  branches  opening  four  separate 
degrees  of  freedom.  Insert  in  these  branches  the  four  resist- 
ances and  any  set  of  windings  on  two  transformer  cores  which 
meet  the  requirements  (29-32)  of  the  master  circuit.  Add, 
quite  arbitrarily,  any  number  of  sets  of  transformer  windings, 
each  set  comprising  a  winding  in  every  branch  connected  to  a 
selected  branch-point,  the  number  of  turns  counted  outward 
from  the  branch-point  being  the  same  in  each  winding  of  the 
set  and  the  windings  all  being  on  one  core  which  may  or  may 
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not  carry  other  sets  of  windings  including  one  of  the  sets 
corresponding  to  the  master  circuit.  The  transformers  may  be 
combined  into  midti-mesh  core  transformers,  or  separated  into  . 
two-winding  transformers  as  explained  in  Appendix  VI.  If  a 
transformer  winding  is  not  placed  in  every  branch  of  the  geo- 
metrical circuit  that  branch  must  be  short-circuited. 

That  this  procedure  always  gives  a  maximum  output  circuit 
follows  from  the  fact  that  the  added  sets  of  windings  each  g^ve 
an  algebraic  total  of  zero  turns  in  every  closed  path,  and  are 
thus  without  effect;  with  these  windings  short-circuited,  the 
circuit  becomes  a  master  circuit,  with  an  added  network  of 
short-circuits  which  have  no  effect,  and  may  be  eliminated. 

If  the  circuit  is  of  the  fourth  degree,  it  has  been  shown  that 
there  are  57,340  distinct  xmrestricted  circuits  employing  two 
three-winding  transformers.  The  proportioning  of  these  wind- 
ings might  be  carried  out  by  means  of  the  above  directions, 
but  it  is  convenient  to  have  a  more  specific  rule  such  as  the 
following: — 

The  circuit,  the  values  of  the  four  resistances  A,  fi,  C,  D,  and 
the  values  of  p,  9,  r  are  supposed  given,  and  the  values  of  P, 
P\f  Qf  Qu  R,  Ri  determined  by  (30,  31,  or  32).  Select  one 
of  the  transformers  with  windings  x,y,z;  trace  the  foiir  paths 
in  the  circuit  which  contain  no  winding  of  this  transformer,  no 
winding  but  x,  no  winding  but  y,  and  no  winding  but  z,  respec- 
tively. Assign  positive  directions  arbitrarily  for  the  first  path 
and  concurrently  with  that  of  the  branch  containing  the  wind- 
ing in  the  other  paths.    Form  the  array 

Ao     -Bo     Co     Do 

A.  B,  a  i>. 

(48) 

Ay  By        Cy        Dy 

A.    B.     C.     A 

where  the  element  of  the  array  in  the  ith  row  and  A:th  column  is 
+  1,-1,  or  0,  according  as  the  tth  path  traverses  the  tth 
resistance  in  the  positive  direction,  the  negative  direction  or 
not  at  all.  Make  the  turns  in  winding  z  equal  to  the  sum  of  all 
the  elements  in  the  following  array  after  multiplying  each  by 
the  corresponding  elements  in  the  border  row  and  column  which 
are  taken  from  (48) 
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0 

P 

Q#  R 

-  p 

0 

Rx    Qi 

-Q 

-Rx 

0      Pi 

-R 

-Qi 

-Pi     0 

B< 


(49) 


A 


A.        B.        C.     D, 
or,  in  expanded  form, 

(AoB,-  A, Bo)  P  +  (AoC-  A. Co)  Q  +  (AoZ).-  A, Do)  R 
+  (Co  Z)x  -  a  Do)  P,  +  (Bo  D.  -  Bx  Do)  Q, 

+  (Bo  Cm  —  B,  Co)  Bi 

(50) 

This  rule  may  be  proved  by  adding  the  four  proportions  of 
(29)  after  multiplying  them  by  Ao,  Bo,  Co,  Do,  respectively,  and 
putting  the  resulting  number  of  turns  with  signs  reversed 
directly  in  series  with  the  four  resistances,  when  the  four 
paths  considered  above  may  be  shown  to  have  each  a  total 
of  zero  turns;  the  added  windings  and  the  windings  resulting 
from  the  rule  are  therefore  mutually  equivalent* 

It  may  be  shown  that  the  expressions  of  the  form  (AqB, 
—  Ax  jBo)  do  not  assume  the  values  dz  2  since  the  two  terms 
cancel  if  both  paths  contain  both  resistances  which  require  both 
to  be  in  the  common  part  of  the  two  paths. 

To  illustrate  the  use  of  this  rule,  take  the  circuit  which  is 
listed  on  the  eighth  line  of  Table  III,  viz.,  circuit  R  with 
resistances  in  branches  6,  7,  3,  5  and  the  two  sets  of  windings  in 
branches  1,  2,  4  and  1,  6,  7.  The  arrays  (48)  for  the  two 
transformers  are  found  by  inspection  to  be 

-1         1         0        0  0         0-1-1 


-  1 


0-1 


0-1-1 


0 


0  0 

1  0 


0 


0 


- 1      0      0      1  0      11      0    ; 

and  substituting  these  quantities  in  formula  (50)  for  each  of 
the  windings  gives 

x:y:z^  {P  +  Q  +  Qi-R-  R,):{P  +  Q-  Rx)    ,;:,.'    :. 

:(P  +  Qi'-r9B) 

X'  :v'  :z'  ^  {"  Pi)  :  {Pi  +  Q  +  R)  :  {Pi  +  Qi  +  Ri)  '  ' •  -^•n> 

as  listed  in  Table  III. 
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APPENDIX  V 

Circuits  with  Three  ResistaKcbs 

The  circuits  in  question  have  real  one-  and  two-point  impe- 
dances; (24-27)  all  apply  ifpi==9i  =  r'=0  soasto  separate 
the  fourth  resistance  completely  from  the  other  three,  and  if 
the  subscript  from  r i  which  is  no  longer  needed  is  dropped  (24) 
becomes: 


p«  g«  +  g«  r*  +  r>  p*  ±  2  p  ?  r  =  0    or 


r     ^    VI  -  (p«  +  g')  =F  1 
pq  (p2  +  q^) 


=  =F  1,  if  (p»  +  g2)  =  1 


(53) 
(54) 


=-[ 


1^ 

2 


+ 


p*  +  9 


8 


-]or=F[ 


P*  +  9* 


1^ 
2 


] 


if  (P^  +  9*)  is  small 


(55) 


In  these  forms  the  condition  gives  the  information  which  is 
needed  in  considering  side-tone  reduction  since  the  energy 
involved  in  the  side-tone  and  the  energy  which  reaches  the 
receiver  at  the  listening  end  of  the  line  (transmission  attenua- 
tion being  neglected)  are  in  the  ratio  r* :  p*  g'  if  L,  T,  R  are 
associated  with  A,  B,  C.  For  a  given  value  of  (p*  +  g*),  the 
total  output  of  A,  there  are  two  possible  values  for  the  ratio 
r* :  p*  q^;  we  are  interested  primarily  in  and  will  confine  our 
attention  to  the  smaller  value.  For  very  small  values  of  the 
total  output  (p*  +  g*),  the  value  of  the  ratio  is  shown  by  (55) 
to  be  1  : 4,  which  is  also  its  minimum  possible  value;  the  ratio 
increases  continuously  with  increasing  values  for  (p*  +  ?*), 
becoming  equal  to  1  : 1  when  (p>  +  q^)  attains  its  maximum 
value,  unity,  as  is  shown  by  (54).  The  amount  of  energy  then 
appearing  as  side-tone  is  equal  to  the  amoimt  of  energy  delivered 
to  the  receiver  at  the  listening  substation  (the  eflfect  of  line 
attenuation  being  ignored).  This  is  not  the  nearest  approach 
to  side-tone  elimination,  for,  as  we  saw  above  by  making 
(pa  +  ^«)  small,  the  amount  of  energy  appearing  as  side-tone 
can  be  reduced  to  one  quarter  of  this  amoimt,  but  this  improve- 
ment is  not  enough  to  be  practically  satisfactory,  and  it  is 
obtained  only  at  a  serious  sacrifice  in  the  absolute  value  of  the 
volume  of  receiving  at  the  listening  station.    The  mathematical ; 
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work  follows  that  for  four-resistance  circuits,  so  only  an  outline 
and  the  results  are  given  below: 
Series  Type  Circuit.    Circuit  D,  Fig.  6,  symmetrical  in 

A,  B,  C,  a,  b,  e,  a',  b',  c',  r,  q,  p. 


p«  g«  +  g*  r*  +  f *  p*  =  2  p  g  r 


A  0  0  a  a' 
0  B  0  b  b' 
0      0     C    e    e' 


A  = 


a 


a'    b'    c' 


0    0 
0   0 


=  2A  [6c]' 
A„  =  [bcY 
An  =  -  [ac]  [be] 


(56) 


(57) 
(58) 
(59) 


p  =  -  2/A\VAB\[ac]  [be] 


q  =  +2/A|  VACl  [o6]  [be] 


r  =-  2/l^\VBC\[ab]  [ac] 


(60) 


Hence  [b c]  :  [c a]  :  [a  b]  =  pq\  y/BC\  :rp\  VA  C 


:qr\VAB 


and  the  special  two-winding  cases  are: 


a  :b  :c  = 


0 

-r\VA 


r\VA 


q\VB 
0 


-q\VB 


-P\VC 
P\VC 
0 


(61) 


.(62) 


of  which  but  two  are  independent.    For  maximum  output  of 
A,  (p*  -f-  g*)  =  1  and  (56),  (57)  become 


pq  =  r 


(63) 
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A    =  2  A  [6  c]* 

ParaUd  Type  Circuit.    Circuit  D,  Fig.  6,  symmetrical  in 
A,  B,  C,  a,  b.  e,  r,  q,  p. 


p*  q^  +  q*  r*  +  r*  pi*  =  -2pqr 


A    0     0     a 


A     = 


0     B    0    b 
0     0     C    e 


0 


=  -  2  A  B  c* 
An  =  -  Be*-  Clfl 
Alt  =  C  ab 


p  =  2/A  I  VAB  I  Co6 


g  =  2/A|  VACIBoc      \ 


r  =2/A\y/BC  \Abc 


a:6:e.Lj^l:Lv:BJ,kVC_l 


(64) 


(65) 
(66) 
(67) 


(68) 


(69) 


For  maximum  output  of  A,  (p*  +  g') 
(65)  assume  the  forms 

pq  =  -r 

A    •=-2BCa* 

APPEND  I   : 


=  1,  which  makes  (64)  and 

(70) 
(71) 


Ideal  Transformers 

Circuits  containing  ideal  transformers  may  be  solved  for 
cisoidal  oscillations  by  using  the  ampere-turn  and  volt-per- 
tum  properties  of  ideal  transformers,  or  by  solving  first  for 
ordinary  transformers,  and  then  evaluating  the  expressions  on 
passing  to  the  ideal  transformer  limit,  but  in  general  discussions, 
such  as  that  of  the  master  circuit,  it  is  more  convenient  to 
ploy  the  following  symmetrical  bordered  detenmiiaat*. — 
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Zii 

Zii 

Zin 

Nu    . 

.    iVi« 

z„ 

Ztr     . 

Z%n 

Nu    . 

.    AT,, 

Znl      Zn%  .      Znn     A/nl 


iVii    iV 


21 


iVi.  iV 


Im      <^  V  Sm 


.    iV»i     0 


.     N 


nm 


0 


N 
0 


nm 


0 


(72) 


where  Zy*  is  the  mutual  impedance  between  closed  paths  j,  k 
with  all  transformer  windings  short-circuited  and  Njk  is  the 
number  of  turns  in  the  closed  path  j  on  the  core  k.  The 
bordered  determinant  is  used  in  exactly  the  same  way  as  the 
ordinary  network  determinant  for  determining  impedances, 
currents  and  voltages. 

For  transformers  which  closely  approximate  to  the  ideal  it  is 
oonvenient  to  use  the  following  amplified  form  of  (72) : — 


^1 

Zi2 

.       Zu 

Nn     . 

.    Ni^ 

Zii 

z%% 

Z^n 

Nu    . 

.     N^» 

Ni^   N,^    .     .   AT,,    y,.    .    .    Y 


mm 


(73) 


where  Y>*  =  t  (Ry»  A-*  p~*  =  1 0.7958  (R>»  p-*  has  the  dimen- 
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sions  of  an  admittance;  (R/*  is  the  mutual  reluctance  between 
magnetic  meshes  j,  k;  h  is  the  factor  for  converting  ampere- 
turns  into  gilberts. 

This  determinant  is  obtained  by  writing  KirchhofF's  electro- 
motive force  equations  for  the  n  independent  closed  electrical 
paths,  and  the  corresponding  magnetomotive  force  equations 
for  the  m  independent  closed  magnetic  meshes,  which  are  of 
the  forms: 


Zii  Ii  +  Zii  J2    .    .    .     +  Zin  In  +  Nil  01    •    .    . 

+  Ni^  4m   =  El 

-  hNiiIi-  hNtili  .  .  -  h Nni In  +  (Rii  01  .  .  . 

+  (Him  0m   =     0 


(74) 


Divide  the  magnetomotive  force  equations  by  —  fc  and  for  the 
magnetic  fluxes  substitute  their  time  rates,  using  the  relation 
for  cisoidal  oscillations  <f>j  -  ip4>j.  The  complete  set  of 
(n  +  m)  equations  are  now  linear  in  the  currents  Ji,  .  .  .  J, 
and  the  time  rates  of  flux  0, .  .  .  0»  £pid  (73)  is  the  determinant 
of  the  set  of  equations. 

The  discussion  of  (73)  would  include  the  application  of  com- 
plex quantities  so  as  to  include  transformers  having  any  self 
and  mutual  impedances,  due  to  winding  and  core  losses,  but  this 
falls  outside  the  scope  of  this  appendix. 

Returning  to  (72),  which  is  derived  from  (73)  by  making  all 
Y's  zero,  we  will  briefly  indicate  the  results  which  follow  from 
applying  the  theory  of  linear  transformations  to  this  determin- 
ant, and  then  state,  without  formal  proof,  a  nimiber  of  theorems 
which  apply  to  ideal  transformers  in  general,  finding  a  partic- 
ular application  in  the  case  of  the  maximum  output 
circuits. 

Multiplying  both  the  (n  +  l)st  column  and  row  of  (72)  by 
an  {7^  0)  and  adding  to  them  an  times  the  (n  +  2)nd  column 
and  row,  respectively,  leaves  the  impedances,  currents,  and 
voltages  imchanged,  since  the  determinant  and  the  minors 
involved  all  remain  unchanged  except  for  the  same  factor  an*. 
Generalizing  this  we  find  that  each  of  the  m  bordering  colimms 
and  rows  of  (72)  may  be  replaced  by  linear  combination  of 
these  columns  and  rows,  respectively,  without  changing  the 
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impedances,  currents,  and  voltages,  provided  the  determinant 
of  the  transformation 


ttli       .       .       Gim 


dml 


a 


mm 


(75) 


does  not  vanish ;  the  transformation  is  then  called  non-singular. 
There  are  thus  oo  '«2  changes  which  may  be  made  in  m  ideal 
transformers  without  any  resulting  modification  in  the  electrical 
behavior  of  the  network. 

By  subtracting  bordering  rows  and  columns  one  from  another, 
after  multiplication  by  suitable  constants,  it  is  evidently 
possible  to  reduce  one  or  more  of  the  windings  to  zero  turns, 
unless  there  is  but  one  linearly  independent  transformer.  This 
simplifies  the  set  of  transformers  and  thus  it  is  of  importance 
to  know  how  many  windings  may  be  reduced  to  short  circuits 
in  this  way.  It  may  be  shown  that  (m  —  1)  windings  on  each 
of  the  m  transformers  may  be  reduced  to  short  circuits,  pro- 
vided the  m  transformers  are  linearly  independent.  In  this 
case  at  least  one  of  the  m-rowed  determinants  of  the  transformer 
windings  will  not  vanish,  and  by  transposing  paths  this  may  be 
made  the  determinant 


D    = 


Nil 


N,m 


iVml        .  N 


mm 


which  will  be  transformed  to 


D'  = 


1    0 
0    1 


0    0 


0 
0 


by  means  of  the  linear  transformation  (75)  if  the  parameters 
have  the  values 

Oo  =  Dji/D  (76) 

where  Dji  is  the  cofactor  of  the  element  Nji  in  the  determinant 
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D.  Each  transformer  will  have,  after  this  transformation, 
u?  =  (n  +  1  —  m)  windings  where  n,  m  are  the  nimiber  of 
degrees  of  freedom  of  the  geometrical  circuit  and  the  number 
of  independent  transformers.  But  each  independent  trans- 
former introduces  an  independent  ampere-turn  condition  be- 
tween the  currents;  the  number  of  effective  degrees  of  freedom 
is  thereby  reduced  to  e  =  n  —  m.  Thus  if  n,  e  are  given  the 
nimiber  of  transformers  and  the  necessary  windings  on  each 
are  m  =  n—  e,  w  =  e  +  1.  For  the  unrestricted  maxinium 
output  circuit  w  =  4,  6=2  which  makes  m  =  2,  u;  =  8; 
in  other  words,  two  ideal  transformers  each  with  three  windings 
are  required. 

Ideal  Transformer  Theorems 

1.  An  ideal  transformer  is  an  electrical  device  which  may 
be  used  to  transfer  energy,  but  itself  can  neither  absorb,  store, 
nor  supply  energy.  Its  action  may  be  expressed  in  terms  of 
"winding  turns"  upon  one  or  more  magnetic  core  meshes.  A 
single-mesh  magnetic  core  is  assumed  in  theorems  2-14. 

2.  For  an  ideal  transformer  the  total  ampere-turns  equal 
zero  and  the  voltage  drop  is  the  same  for  every  winding  turn; 
therefore,  n  windings  impose  a  total  of  n  distinct  conditions, 
viz.,  the  total  ampere-turns  equal  zero  and  the  potential 
differences  between  terminals  are  proportional  to  the  algebraic 
number  of  turns  connecting  the  terminals. 

3.  An  ideal  transformer  may  be  replaced  by  a  fictitious 
closed  loop,  having  self  impedance  equal  to  zero,  and  mutual 
impedance  with  each  real  branch  of  the  circuit  equal  to  the 
algebraic  number  of  turns  contained  in  this  branch. 

4.  Introducing  an  ideal  transformer  into  a  network  adds  a 
border  to  the  network  determinant,  each  term  of  which  equals 
the  number  of  winding  turns  in  the  closed  path  corresponding 
to  the  row,  or  column,  in  which  the  term  occurs. 

5.  Each  independent  ideal  transformer  reduces  by  one  the 
effective  degrees  of  freedom  of  the  network;  the  greatest 
number  of  independent  transformers  which  can  be  introduced 
into  an  n-degree  circuit  without  effectively  opening  every 
closed  path  is  thus  (w  —  1).  The  number  of  transformers  and 
the  necessary  windings  on  each  are  m  =  n—  e,  w  =  e  +  l  if  n, 
e  are  to  be  the  geometrical  and  the  effective  degrees  of  freedom 
of  the  network. 

6.  With  m  independent  ideal  tranrformers  connected  int^ 
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any  portion  of  a  network,  presenting  n  degrees  of  freedom, 
the  general  case  demands  but  (n  +  1—  m)  windings  on  each 
of  the  transformers. 

7.  Two  sets  of  ideal  transformers  which  are  mutually 
derivable,  the  one  from  the  other,  by  a  non-singular  linear 
transformation,  are  electrically  equivalent. 

8.  The  electrical  effect  of  a  set  of  ideal  transformers  will  not 
be  altered  by  adding  one  or  more  transformers,  each  of  which  is 
a  linear  combination  of  the  original  set  of  transformers,  or  by 
removing  one  or  more  transformers,  each  of  which  is  a  linear 
combination  of  the  reduced  set  of  transformers.  In  every 
case  the  determinant  (72)  to  be  used  for  determining  the  im- 
pedances is  one  for  which  all  linearly  dependent  transformers 
have  been  eliminated ;  the  value  of  the  determinant  is  other- 
wise zero  and  the  mathematical  expression  for  the  impedances 
would  require  evaluation. 

(9)  An  ideal  transformer  with  n  windings,  none  of  which 
has  zero  turns,  may  be  replaced  by  (w  —  1)  transformers  each 
with  two  windings  in  any  way  which  leaves  unchanged  the 
ratio  of  the  number  of  turns  which  are  upon  any  core  and 
directly  connect  any  two  pairs  of  points  of  the  network. 

10.  Short-circuiting  one  winding  of  an  ideal  transformer, 
for  which  the  number  of  turns  is  not  zero,  short-circuits  all 
windings. 

11.  Each  winding  of  a  transformer  v  may  be  short-circuited 
provided  one  or  more  of  its  windings,  which  do  not  have  an 
algebraic  total  of  zero  turns,  form  part  of  a  closed  path  p 
completed  by  windings  on  other  transformers,  each  of  whitH 
contributes  a  total  of  zero  turns  to  the  closed  path,  or  is  made 
to  do  so  by  the  linear  transformation  of  adding  to  the  trans- 
former t  the  winding  turns  of  transformers,  after  multiplication 
by  ( —  Ntp/Nvp),  which  is  the  ratio,  with  sign  reversed,  of  the 
total  algebraic  turns  in  the  closed  path  p  on  transformers  t  and  v. 

12.  Any  closed  path,  made  up  of  windings  from  ideal  trans- 
formers, may  be  opened  by  omitting  any  one  branch  of  this 
closed  path,  provided  every  transformer  contributes  an  alge- 
braic total  of  zero  turns  to  the  closed  path. 

13.  One  or  more  windings  of  an  ideal  transformer,  which  can 
be  cut  once  only  by  a  closed  surface,  that  cuts  no  other  part  of 
the  electrical  system,  may  all  be  increased  or  decreased  by  the 
same  number  of  turns  counted  outward  through  the  surface; 
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in  this  way  any  one  of  these  windings  may  be  reduced  to  2sero 
turns,  i.  e.,  to  a  short  circuit. 

14.  A  two- winding  ideal  transformer  connected  between  an 
element  having  impedance  and  the  point  of  measurement, 
multiplies  impedances,  electromotive  forces,  and  currents  by  the 
factors  a*,  —  a,  and  —  a"S  respectively,  where  a  =  Ni/Nt  is  the 
ratio  of  the  number  of  turns  on  the  measuring  side  Ni  to  the 
niunber  of  turns  on  the  element  side  N2  each  counted  in  the 
assiuned  positive  direction  for  the  closed  path. 

15.  An  ideal  transformer  with  an  n-mesh  magnetic  core, 
may  be  replaced  by  n  ideal  transformers  with  single-mesh 
magnetic  cores;  the  above  theorems,  which  have  been  inten- 
tionally phrased  to  apply  specifically  to  single-mesh  core  ideal 
transformers,  may  thus  be  applied  to  multi-mesh  core  trans- 
formers with  slight  modifications. 

APPENDIX  VII 

Geometrical  Circuits  with  Four  Degrees  of  Freedom 

By  distinct  electrical  circuits  we  mean  those  which  may 
have  different  internal  electrical  properties,  demanding  in 
the  first  instance,  different  conditions  of  continuity.  For  the 
purposes  of  this  paper  it  is  necessary  to  determine  the  distinct 
geometrical  circuits  having  four  degrees  of  freedom. 

For  geometrical  circuits,  the  geometrical  condition  of  dis- 
tinctness may  be  put  in  the  following  concrete  form:  As- 
sume that  wire  or  rubber  thread  models  have  been  made  of 
two  circuits  and  (a)  that  the  models  may  be  translated  and 
rotated,  (b)  that  the  wires  may  be  bent  or  stretched,  (c)  that 
wires  or  groups  of  wires,  which  have  a  series  connection  may  be 
interchanged,  and  (d)  that  any  two  disconnected  portions  may 
be  connected  at  a  single  point.  Then  the  circuits  are  not 
distinct  if  the  wire  models  may  be  brought  into  geometrical 
coincidence  by  these  four  transformations;  otherwise  they  are 
distinct.  After  the  geometrical  circuits  have  been  replaced  by 
physical  electrical  circuits,  it  is  to  be  understood  that  what  is 
required  is  in  every  case  the  coincidence  of  interchangeable 
elements. 

Geometrical  circuits  having  four  degrees  of  freedom  must 
have  not  less  than  four,  nor  more  than  nine,  branches,  provided 
branches  which  are  in  series,  and  must  thus  carry  the 
current,  are  excluded  from  the  count.    The  lower 
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evident;  the  upper  limit  is  proved  by  noting  that  in  any  con- 
nected portion  of  the  circuit  having  more  than  one  branch- 
point, at  least  three  branches  terminate  at  every  branch-point, 
and  for  any  circuit  whatever  p  =  b  —  f  +  8  where  /,  5,  p,  and 
8  are  the  number  of  degrees  of  freedom,  of  branches,  of  branch- 
points, and  of  separate  portions  of  the  circuit,  respectively. 
Set  /  =  4,  since  we  are  dealing  with  a  four-degree  circuit  and 
8  =  1,  corresponding  to  a  singly  connected  circuit,  as  we 
wish  the  largest  value  of  b  for  any  given  p.  In  this  case, 
25  ^  3p,  since  each  branch  has  two  ends,  and  each  branch- 
point has  connected  to  it  at  least  three  of  these  ends.  It 
follows  that  6^9. 

By  trial,  it  is  readily  found  that  W  and  X  of  Fig.  5,  are 
the  only  possible  nine-branch  circuits  in  which  three  branches 
terminate  at  each  of  the  required  six  branch-points.  Circuits 
having  eight  branches  are  now  found  by  allowing  first  one  and 
then  another  branch  of  W  and  X  to  shorten  and  vanish.  In 
X  it  is  sufficient  to  consider  the  vanishing  of  branches  1  and  9 
since  all  other  branches  are  by  symmetry  equivalent  to  one  or 
the  other  of  these  two.  In  W  there  is  complete  symmetry  and 
it  is  sufficient  to  consider  the  vanishing  of  branch  1 .  With  the 
understanding  that  X  —  1  =  V  means  that  circuit  X  after 
the  vanishing  of  branch  1  becomes  equivalent  to  circuit  V 
(ignoring  the  numbering  and  the  positive  direction  of  branches) 
the  deduction  of  all  of  the  sixteen  four-degree  circuits  is 
shown  by  the  following  table : 


X  -  1  =  V. 

V  -  1  =  s. 

T-  1  =  M. 

P  -1    =  L. 

L  -  1  -  I 

X  -  9  =  U. 

V-  5  =  R. 

T  -  7  =  O. 

P  -  2  =  K. 

K-  1  =1 

W  -  1  =  V. 

U  -  1  =  T. 

S  -  1  =  N. 

P-  4  =  J. 

J-  1  =1 

U  -  3  =  S. 

S  -  2  =  P. 

O  -  1  =  K. 

U  -  6  =  0. 

S-  4  =  M. 

N  -  1  =  J. 

U-  8  =  R. 

R  -  1  =  O, 
R  -  2  =  P. 

M  -  1  =  K. 
M  -  2  =  J. 

R  -  6  =  M. 
O-  1  =1VI. 

It  is  thus  shown  that  the  only  possible  four-degree  circuits  are 
the  sixteen  shown  by  Fig.  5,  where  each  branch  is  numbered  for 
convenience  in  reference  and  has  an  assigned  positive  direction. 
Fig.  6  gives  all  circuits  having  one,  two,  and  three  degrees  of 
freedom. 
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Discussion  on  "Printing  Telegraph  Systems"  (Bell), 
AND  "Maximum  Output  Networks  for  Telephone 
Substation  and  Repeater  Circuits"  (Campbell  and 
Foster),  New  York,  N.  Y.,  February  19,  1920. 

General  George  O.  Squier:  I  believe  that  the  printing 
telegraph  is  the  tiling,  and  coming  to  be  more  and  more  the 
method  of  the  future,  and  I  find  that  is  the  opinion  in  Euroi>e 
where  I  have  recently  made  a  visit  of  inspection. 

The  printing  telegraph  was  used  a  very  great  deal  in  the 
war  and  we  early  found  that  the  only  hope  of  handling  the 
large  amount  of  traffic  was  to  .get  some  sort  of  a  hopper  that 
we  could  pour  it  into,  ad  lib.,  and  get  it  out  at  the  other  end. 
The  volume  of  traffic  in  operating  a  large  army  in  FVance 
is  unbelievable,  and  luckily  we  were  able  to  take  over  this 
very  same  system  to  Europe  and  put  it  into  operation.  This 
same  system  described  today,  was  in  extensive  operation.  In 
my  inspection  I  saw  poured  into  this  hopper  messages  be- 
tween the  headquarters  of  General  Pershing  at  Chaumont 
and  the  great  business  end  of  the  army  down  at  Tours.  And 
without  that  method  of  carrying  the  vast  traffic,  I  am  per- 
fectly certain  the  whole  machine  would  have  collapsed.  It  was 
absolutely  necessary  to  have  a  perfect  system  of  conununi- 
cation  at  all  times,  and  that  solved  it.  We  also  put  this 
system  in  between  London  and  Paris,  and  Tours  and  Chau- 
mont, so  that  you  could  get  a  page  printed  record  immediately 
out  in  France.  If  the -war  had  gone  on,  we  proposed  to  have 
that  all  over  between  the  different  headquarters. 

So,  the  printing  telegraph  really  went  to  the  battlefield 
for  the  first  time,  and  we  got  away  with  it,  eight  messages 
on  the  line.  It  proved  for  the  first  time  that  this  sort  of  tedi- 
nical  apparatus  could  go  to  the  battlefield.  That  was  en- 
couraging and  made  us  think  that  this  apparatus  as  well  as 
other  can  be  operated  by  the  ordinary  soldier. 

In  regard  to  Little  Silver,  the  Government  Laboratoiy  for 
radio  research  work.  There  we  have  large  research  labora- 
tories, and  are  carrying  out  various  forms  of  signalling,  of 
all  sorts,  and  of  all  the  different  methods  of  signalling  that 
we  have  to  consider  in  the  army,  I  think  it  is  safe  to  say  that 
the  method  of  signalling  I  am  now  employing  is  probably 
the  best,  that  is,  the  human  voice. 

That  is  the  reason  why  the  telephone  is  so  superior  to  all 
other  methods  and  we  can  afford  therefore,  in  any  case,  to 
exert  every  technical  effort  to  extend  the  range  of  the  human 
voice.  Every  one,  by  ordinary  conversation  of  course,  is 
an  expert  signal  man.  You  do  not  have  to  teach  anybody 
to  operate  this  puncher  or  to  learn  the  Morse  code,  but  you 
make  a  signal  man  at  your  mother's  knee.  However,  tiiat 
appeals  to  the  ear  only,  and  we  must  have  records.  So  that 
tiie  eye  method  must  come  in  and  of  those,  the  typewriter, 
telegraph  printing  system  is  the  best.    All  these  other  things 
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are  substitutes.  We  learn  to  speak  directly  and  that  is  best 
from  the  oral  standpoint.  We  learn  to  read  and  that  is  best 
from  the  optical  standpoint;  those  two  methods  go  hand  in 
hand,  and  they  have  each  forged  to  the  front.  That  is  why 
the  printing  system  is  ahead  of  any  other  system. 

Now  that  science  has  advanced  to  such  a  state  that  we 
really  can  produce  a  large  nmnber  of  channels,  reliable  chan- 
nels, along  one  conductor,  we  are  within  a  measureable  dis- 
tance, I  believe,  of  extending  the  telegraph  system,  the  eye 
system,  and  beginning  to  approach  the  method  that  we  now 
have  for  telephoning.  The  fundamental  difference  between 
the  operation  of  the  telephone  and  telegraph  is  that  in  the 
telephone  each  operator  is  exclusively  connected  with  the 
other  man,  and  has  the  line  all  to  himself.  In  the  telegraph 
you  have  to  write  something  out  then  hand  it  in  to  somebody 
else,  or  have  it  sent  or  phoned.  In  that  respect  the  telephone 
has  gone  much  further  than  the  telegraph,  and  I  believe  we 
are  now  within  a  measurable  distance,  of  having  both  systems 
in  til  e  house,  so  that  if  you  call  an  individual  residence,  if 
the  line  is  busy,  you  need  not  be  told  that,  but  just  leave 
the  message.    That  would  be  ideal. 

It  is  not  possible  now  due  to  wire  difficulty.  We  have 
already  the  Telautograph.  That  is  perhaps  useful  in  its 
way.  I  look  for  something  not  so  far  away  due  to  the  fact 
that  we  can  have  so  many  independent  channels. 

General  Edgar  Russel:  I  can  speak  of  the  multiplex 
telegraph  with  positive  affection.  It  was  such  a  good  friend 
to  us  at  the  time  of  our  severe  need,  and  it  helped  us  out  in 
such  a  marked  way,  when  difficulties  seemed  to  be  mounting 
beyond  the  possibility  of  our  meeting  them. 

I  have  been  greatly  interested  in  Mr.  Bell's  paper  today, 
and  I  join  with  General  Squier  in  hoping  we  may  hear  more 
of  the  engineering  considerations  that  brought  out  this  re- 
markable instrument.  I  was  very  much  pleased  to  get  some 
statements  about  comparative  traffic  possibilities.  I  might 
have  gained  the  idea  from  what  I  saw  of  the  operation  of  the 
multiplex  in  France,  that  its  capacity  was  unlimited  already, 
and  that  it  needed  no  further  improvement.  I  feel  that  we 
owe  a  tremendous  debt  to  the  engineers  that  developed  this 
remarkable  telegraph  system  that  served  an  invaluable  pur- 
pose when  our  needs  in  the  A.  E.  F.  were  so  severe. 

At  the  time  when  the  telegraph  business  in  France  was 
growing  beyond  all  bounds,  and  the  mounting  traffic  curve 
seemed  as  if  it  were  going  to  fall  over  backwards,  these  in- 
struments we  succeeded  in  getting  over  in  the  midst  of  vast 
tonnage  and  personnel  difficulties,  rescued  us  from  a  very 
difficult  situation.  After  these  instruments  were  put  in 
operation  our  very  greatest  difficulty,  the  lack  of  Morse 
operators,  became  much  less  acute.  When  the  multiplex 
was   established    between    our   headquarters   at   Tours   and 
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Paris  and  Chamnont,  traffic  difficulties  immediately  gave 
way,  and  our  concern  about  insufficient  telegraph  service 
between  those  main  points  practically  vanished. 

The  possibility  of  putting,  as  we  did  by  composite  devices 
on  the  telephone  lines,  a  six-way  multiplex  transmission  was, 
I  believe,  first  demonstrated  in  Frsmce.  I  do  not  under- 
stand that  it  has  been  the  practise  in  this  country  to  composite 
for  six-way  transmission.  The  system  succeeded  wonderfully. 
When  the  American  cable  was  laid  across  the  Englii^  channel, 
we  operated  it  with  this  six-way  system  between  our  head- 
quarters in  Chaumont,  France,  and  London. 

Our  multiplex  telegraph  system  in  France  was  a  standing 
wonder  to  our  French  friends.  As  stated  by  the  lecturer,  the 
Baudot  printer  system  is  carrying  the  bulk  of  traffic  over 
there,  and  of  course  they  were  well  acquainted  with  the  old 
types  of  tax)e  printers.  Although  a  few  of  the  French  experts 
connected  with  their  telegraph  system  had  seen  the  American 
multiplex,  most  of  them  would  stand  and  watch  with  keen 
interest  this  page  printer  in  operation  with  its  fascinating 
automatic  shifting  device  at  the  end  of  each  line. 

When  I  went  to  London,  I  found  in  the  Great  British  Post 
Office  Central  four  or  five  multiplex  instruments  in  operation, 
and  I  was  told  by  those  in  charge  of  the  systems  there,  that 
whereas  they  recognized  its  many  excellent  points,  they  had 
a  very  elaborate  set  of  reasons  why  the  Baudot  tape  printo* 
system  was  better.  I  confess  I  was  unable  to  answer  many 
of  their  arguments,  for  today  I  got  for  the  first  time  a  clear 
understanding  of  the  reasons  why  the  American  system  of 
multiplex  is  far  superior  to  the  Baudot  and  kindred  systems. 

I  think  that  the  speedy  application  of  the  American  multi- 
plex to  our  needs  in  France  was  the  outstanding  feature  of 
our  telegraphic  accomplishments.  The  way  in  which  we 
arrived  at  our  decision  to  adopt  the  multiplex  may  be  of 
interest.  Before  I  started  to  FVance  with  General  Pershing 
on  May  28th,  1917,  I  had  only  a  few  days  in  which  to  decide. 
But  I  had  been  in  consultation  with  General  Squier  at  Wash- 
ington, who  had  assured  me  he  was  going  to  support  us  with 
every  possible  assistance  that  could  be  secured  in  this  country, 
and  when  I  came  to  New  York  and  saw  Colonel  Carty,  and 
some  of  his  associates  in  the  great  companies  controlling  the 
supply  of  personnel  and  material,  I  realized  that  with  such 
support  as  that,  I  would  be  justified  in  recommending  that 
we  go  ahead  with  the  installation  of  the  modem  multiplex 
and  the  modem  telephone  repeater  systems. 

As  you  understand,  we  were  far  from  our  base,  in  a  strange 
country,  and  where  we  could  not  get  spare  parts  or  the  facil- 
ties  for  repair.  Besides  there  were  tonnage  difficulties  and 
difficulties  of  manufactiu^e  in  this  country  owing  to  the  con- 
flicting activities  of  war.  But  I  now  feel  as  I  look  back  on 
that  critical  time,  when  we  had  only  a  day  or  two  to  decide. 
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what  a  serious  mistake  we  would  have  made,  if  we  had  assumed 
the  conditions  of  war  would  not  permit  us  to  avail  ourselves 
of  this  wonderful  modem  invention.  In  the  midst  of  the 
enormously  growing  demands  upon  us  we  could  say  to  officers 
"Gentlemen,  bring  us  all  the  telegrams  you  want.  You  do 
not  need  to  limit  your  telegraphic  correspondence  in  any 
degree." 

Those  who  have  been  over  in  France  know  of  the  delajns 
we  had  in  getting  mail;  in  fact,  the  difficulties  in  tiie  mail 
service  seemed  insuperable,  but  by  the  free  use  of  the  tele- 
graph service,  which  this  instrument  gave  us,  we  were  enabled 
to  transmit  promptly  this  vast  volume  of  messages,  which 
the  mail  service  was  inadequate  to  handle  expeditiously. 

C.  E.  Davies:  In  Canada  we  are  using  automatic  tele- 
graphs to  handle  approximately  65  per  cent  of  our  24-hour 
load.  I  can  only  add  my  evidence  to  what  has  been  said 
in  the  paper  as  to  the  accuracy  compared  with  Morse.  Our 
records,  dealing  with  complaint  cases  from  customers,  actual 
complaints  of  errors  with  the  automatic,  show  approximately 
a  ratio  of  3  to  7,  with  Morse.  It  is  the  intention  of  the  com- 
pany to  extend  the  automatic  principle  throughout,  as  soon 
as  the  equipment  is  available. 

I  can  remember  twenty  years  ago,  as  a  Morse  operator, 
the  amused  tolerance  with  which  we  looked  on  anything  in 
the  nature  of  a  suggestion  that  we  could  handle  business  by 
automatics.  That  feeling  was  gradually  wiped  out  throu^ 
improvements  in  the  automatic  system  until  today  it  is  well 
recognized  that  the  automatics  will  never  be  replaced  by  the 
Morse  system. 

The  problems  that  we  have  to  face  in  Canada  are  somewhat 
different  than  in  the  United  States,  inasmuch  as  the  trans- 
continental lines  are  from  east  to  west  and  cover  great  dis- 
tances. We  have  been  enabled  to  operate  circuits  which 
have  been  affected  with  power  induction  satisfactorily,  but 
as  yet  we  have  not  been  able  to  find  any  solution  to  a  difficulty 
presented  by  frequent  troubles  due  to  the  Aurora  Borealis. 
Some  time  ago  I  suggested  to  our  chairman  it  might  be  a 
matter  of  interest  to  the  engineers  of  the  A.  I.  E.  E.  to  make 
an  investigation  as  to  these  disturbances.  I  do  not  know 
whether  anything  has  been  accomplished  along  that  line  or 
not.  The  Canadian  lines  are  interrupted  considerably  more, 
I  believe,  than  the  American  lines. 

The  disturbances  seem  to  be  principally  confined  to  circuits 
running  east  and  west,  and  as  we  are  now  installing  triple 
channel  multiplex  circuits  from  Montreal  and  Toronto  to 
Winnipeg,  and  Vancouver,  that  is  going  to  be  one  of  our 
principal  problems,  how  to  operate  during  the  periods  of 
mterruption  due  to  the  Aurora  Borealis. 

H.  A.  Emmons:  I  have  been  greatly  interested  in  Mr. 
BelFs  paper,  primarily  in  connection   with   outputs.    What 
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he  has  said  in  comparing  the  various  methods  checks  our 
own  experience  in  the  Western  Union  Service.  We  find  that 
our  accuracy  corresponds  very  closely  to  what  the  British 
figures  show,  and  that  our  output  is  going  up  steadily. 

We  started  in  1915,  installing  multiplex  apparatus  on  a  wide 
or  rather  on  a  broad  plan  of  equipping  all  trunk  circuits 
throughout  the  United  States  and  Canadian  connections  with 
printing  telegraph  apparatus  of  multiplex  type.  Today 
the  trunk  circuit  traffic  handled  by  printing  telegraphs  amounts 
to  about  38,000,000  messages  a  month  in  rouna  figures.  That 
is  about  70  per  cent  of  the  trunk  circuit  traffic  that  the  Western 
Union  Company  handles.  Those  are  not  originating  messages; 
many  messages  are  handled  more  than  once  due  to  difficulties  of 
reaching  various  isolated  places,  many  of  which  are  small 
places. 

It  may  interest  the  engineers  to  know  that  the  telegraph 
company  operates  a  New  York- San  Francisco  direct  multi- 
plex circuit  which  is  about  3200  miles  long,  and  I  received  a 
report  the  other  morning,  stating  that  the  operators  on  this 
circuit  have  run  90  messages  an  hour.  Each  operator  had 
run  90  messages  an  hour  for  the  12  o'clock  to  8  a.  m.  tour. 
That  is  a  most  remarkable  output  on  a  circuit  that  is  8200 
miles  long.  It  is  an  equivalent  of  180  messages  an  hour, 
in  both  directions,  between  New  York  and  San  Francisco. 
We  do  not  expect  to  get  that  during  day  hours.  There  are 
too  many  interruptions  over  such  a  great  mileage  of  wire. 

One  of  the  most  remarkable  things  in  regard  to  the  multi- 
plex is  its  freedom  from  interruption.  Figures  which  I  have 
been  getting  together  largely  indicate  that  the  maintenance  is 
of  a  high  order;  the  men  handling  the  apparatus  appear  to 
become  so  familiar  with  it  that  interruptions  over  any  ex- 
tended period  are  very  few.  It  is  most  gratifying  to  the 
engineers  who  have  fathered  this  device  to  find  that  this  is 
true.  We  had  a  great  many  misgivings  initially  tJiat  the 
personnel  detailed  to  the  maintenance  of  the  apparatus  might 
not  measure  up  to  the  high  standard  that  would  be  required. 
I  am  happy  to  say  that  it  is  the  exception  rather  than  the  rule 
that  these  men  fall  down  on  their  jobs. 

It  shows  what  men  can  do  if  they  specialize,  and  these  men 
are  specialists.  If  they  were  required  to  do  many  things 
besides  maintain  the  apparatus,  it  would  not  be  possible. 
As  we  all  know,  this  is  an  age  of  specialists,  and  I  feel  sure 
that  if  printing  telegraphs  are  to  be  a  success  in  any  company, 
the  men  that  handle  the  apparatus  and  the  operators  that 
operate  it,  must  be  specialists.  We  must  not  expect  that 
they  will  be  all  around  men.  Some  of  them  will  be,  many 
of  them  will  be,  but  the  average  man,  making  the  personnel 
of  a  telegraph  organization  must  be  a  specialist  when  it  comes 
to  printing  telegraph  apparatus. 

General  Squiers  spoke  of  the  personnel  that  went  ov 
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Here  in  America  the  printing  telegraphs  are  operated  almost 
exclusively  by  young  women.  When  the  war  came  on  we 
knew  that  there  was  going  to  be  a  great  need  for  telegraph 
ox)erators  overseas.  There  were  few  multiplex  operators  who 
were  men,  most  of  them  were  women,  and  the  army  had  no 
provision  at  that  time  for  handling  women.  We  learned 
very  early  that  multiplex  operators  were  going  to  be  required 
overseas.  Many  of  them  volunteered,  they  got  into  various 
orranizations  outside  of  the  signal  corps,  and  it  was  with  some 
difficulty  that  they  were  transferred  to  the  signal  corps. 

I  tiiink  that  was  accomplished,  however,  and  the  first 
lot  of  young  men  that  went  overseas,  if  my  recollection  is 
correct,  more  than  25  per  cent  of  them  were  thoroughly 
experienced  operators,  attendants,  and  test-board  men,  making 
up  the  necessary  personnel  for  operating  that  overseas  multi- 
plex, and  I  am  exceedingly  glad  to  learn  that  they  came 
through  under  the  difficult  war  conditions  which  they  met. 

P.  M.  Rainey:  One  difficulty  which  the  telegraph  engi- 
neer experiences  in  his  development  work  is  that  of  securing 
complete  information  to  enable  him  to  determine  the  re- 
quirements of  the  field.  By  this  I  mean  information  which 
will  enable  him  to  anticipate  as  many  as  possible  of  the  prob- 
lems which  are  likely  to  arise  in  the  field.  As  I  see  it  the 
greatest  success  will  result  from  the  close  cooperation  of 
those  who  are  doing  this  laboratory  or  development  work, 
and  those  who  best  know  conditions  in  the  field. 

J.  P.  Edwards:  I  have  noticed  only  one  item  of  statistics 
that  I  consider  out  of  line  insofar  as  the  Western  Union  Traffic 
is  concerned,  and  that  is  the  statement  of  the  Chairman  that 
80  per  cent  is  handled  by  automatics.  That  of  course  you 
found  corrected  in  Mr.  Emmons'  statement.  Approximately 
47  per  cent  of  the  total  traffic  handled  is  handled  automatically, 
principally  by  the  multiplex  system.  The  facility  with  which 
the  traffic  has  been  handled  for  a  number  of  years  on  account 
of  its  growth  could  not  have  been  accomplished  except  with 
the  development  of  the  multiplex  in  the  Western  Union, 
because  generally  speaking  we  are  doing  business  today  on 
the  same  wire  plant  that  we  had  five  years  ago,  and  approxi- 
mately the  same  wire  plant  we  had  ten  years  ago. 

The  Morse  operators  have  been  quite  concerned  for  a 
number  of  years  that  the  automatic  was  displacing  them, 
and  Mr.  Davies  has  pointed  out  his  experience  of  the  concern 
of  the  men  with  whom  he  has  been  associated  for  years  over 
the  approaching  disappearance  of  their  occupation.  As  a 
matter  of  fact,  the  Western  Union  is  in  need  of  more  Morse 
operators  today  than  ever  in  the  history  of  the  company. 

E.  R.  Shute:  In  training  the  staff  for  the  operation  of 
the  printing  telegraph  system,  we  have  established  schools 
in  the  principal  cities  where  we  teach  the  students  the  touch 
system  of  keyboard  manipulation  and  our  operating  practises. 
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The  students  qualify  and  handle  approximately  the  capacity 
of  the  circuits,  as  operated  by  the  Western  Union  Telegraph 
Company,  in  about  three  months.  Afta*  reaching  this  sts^, 
that  is,  graduating  from  the  training  school,  they  are  given 
further  instructive  supervision  for  from  three  to  six  months, 
when  they  become  fully  qualified  printing  telegraph  operators. 

There  is  nothing  that  I  think  of  that  I  can  add  to  the  paper 
presented  by  Mr.  Bell.  The  large  niunber  of  engineers  who 
do  not  know  that  there  is  a  printing  telegraph  system  in 
extensive  use  is  surprising  to  one  who  knows  of  the  work 
done  in  this  line  and  I  think  we  should  have  more  papers  on 
this  subject  in  the  future. 

R.  E.  Chetwood :  There  has  not  been  very  much  change 
in  line  construction,  on  account  of  the  use  of  automatic  appara- 
tus. Of  course,  the  larger  output  per  wire,  due  to  the  multi- 
plex has  made  it  desirable  that  we  have  more  reliable  line 
construction,  and  more  reliable  wires  than  we  did  previously. 
When  a  wire  is  handling  from  250  to  400  messages  an  hour, 
you  can  afford  more  expensive  and  stronger  construction. 

The  result  of  that  has  been  that  in  oiur  line  construction 
we  have  strengthened  our  pole  lines  considerably;  we  have 
also  replaced  some  of  the  smaller  sized  iron  wires  when  they 
reached  their  normal  life  with  heavier  iron  wires.  We-  are 
using  a  great  deal  of  No.  4  and  No.  6  B.  W.  G.  iron  wire,  where 
previously.  No.  8  and  No.  9  B.  W.  G.  wires  were  used.  That 
gives  us  greater  continuity  of  service  and  the  wires  have 
not  been  subject  to  the  troubles  which  wires  of  less  strength 
receive  in  winter,  fall  and  spring,  due  to  the  combined  effect 
of  wind  and  ice. 

In  general,  as  Mr.  Edwards  pointed  out,  the  wire  mileage 
has  not  increased  and  that  is  due  entirely  to  the  use  of  the 
multiplex  apparatus.  There  was  a  tremendous  increase  in 
telegraph  business  during  the  war.  It  came  at  a  time  when 
we  could  not  have  obtained  new  wire  to  string  on  the  lines, 
to  handle  the  increased  business,  and  it  was  the  multiplex 
and  other  printing  telegraph  systems  that  allowed  us  to  handle 
the  tremendous  increase  in  business,  without  increasing  the 
wire  plant. 

George  R.  Benjamin:  Regarding  the  Aurora  Borealis  and 
its  effect  on  transmission  we  have  arranged  to  operate  the 
circuits  metallically.  Ordinarily  the  telegraph  circuits  are 
operated  with  a  grounded  return.  To  take  care  of  such  time 
as  we  are  seriously  affected  on  the  more  important  circuits, 
we  have  arranged  to  connect  them  up  and  operate  them 
metallically. 

The  Western  Union  service  is  using,  and  other  companies 
are  using  a  considerable  number  of  Morkrum  sets,  stop  and 
start  method,  and  I  regret  very  much  Mr.  Bell  did  not  say 
something  about  the  Morkrum  apparatus.  As  regards 
multiplex,  it  is  really  a  development  of  the  Baudot  but  thfim 
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many  important  changes,  as  Mr.  Bell  suggested.  The  changes 
are  ^  intended  to  increase  the  efficiency  of  multiplex  operation. 
The  Baudot  system  is  limited  as  to  speed,  the  speed  ranges 
being  between  30  and  40  words  per  channel.  In  some  cases 
it  is  30  words  and  in  exceptional  cases  they  have  arranged 
to  operate  at  40.  The  use  of  perforated  tape  for  transmission 
increases  the  efficiency  because  it  does  not  admit  ordinarily 
of  any  stoppages  or  periods  of  wait.  The  method  of  syn- 
chronism saves  in  line  time,  about  fifteen  or  twenty-five 
per  cent;  that  is,  with  a  lower  line  frequency,  it  is  possible 
to  get  the  same  output  as  the  Baudot  operating  at  say,  30 
or  40  words  a  minute.  The  page  printer  was  devised  primarily 
to  meet  American  requirements.  It  is  possible  that  tape 
printing  should  be  taken  into  consideration.  The  ps^e 
printer  of  course  is  very  much  more  complex,  and  it  requires 
more  attention  and  has  many  more  parts.  It  also  increases 
the  maintenance.  The  American  people  ^  have  not  been 
accustomed  to  tape  printing  and  probably  will  not  take  to  it 
very  kindly  at  first,  but  I  think  eventually  they  will  go  into 
it  and  turn  out  a  good  job,  and  they  will  be  satisfied  with  the 
good  service. 

Lloyd  Espenschied:  The  phase  of  Mr.  Campbell's  paper 
which  is  probably  of  most  immediate  interest  to  the  engineer 
is  that  of  the  conjugacy  obtaining  between  the  terminals  of 
the  network.  This  conjugacy  is  the  property  of  mutual 
balance  which  is  familiar  to  the  communication  engineer  a^ 
employed  in  separating  the  oppositely  directed  channels  of 
two-way  transmission  circuits. 

His  work  should  find  application  in  all  branches  of  com- 
munication, for  example,  to  direct  and  alternating-current 
telegraphy,  to  telephony,  to  high-frequency  currents  trans- 
mitted by  wires  or  by  radio,  and  so  on.  To  expand  Dr. 
Campbell's  paper  into  one  which  would  feel  more  familiar 
to  the  engineer,  would  require  approaching  it  from  theeng- 
neering  or  application  aspect.  'There  is  here  a  fertile  field 
and  I  trust  that  somebody  will  find  it  within  their  province  to 
pursue  the  subject  further  by  taking  up  particular  problems, 
in  coordination  with  the  present  paper,  such  as  that  of  sub- 
station circuits  to  which  the  paper  so  directly  applies.  Refer- 
ence is  made  to  the  telephone  repeater  but  the  repeater  as 
commonly  practiced  today  makes  use  of  only  a  very  limited 
form  of  Dr.  Campell's  circuit  arrangements. 

O.  B.  Blackwell:  It  will  be  of  interest  in  connection  with 
Dr.  Campbell's  paper  to  point  out  that  in  telephone  and 
telegraph  transmission  we  have  a  class  of  problems  which  do 
not  occur  in  power  transmission.  These  problems  arise 
from  the  fact  that  a  telephone  or  telegraph  circuit  is  used  in 
general  not  only  for  transmitting  messages  going,  let  us  say, 
from  east  to  west,  but  also  messages  going  from  west  to  east. 
At  certain  points  in  the  circuit  such  as  at  the  subscribers' 
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sets  and  at  repeater  points,  it  becomes  desirable  to  branch 
the  circuit  into  two  parts  or  "channels"  one  of  which  carries 
transmission  east  to  west,  and  the  other  of  which  carries 
transmission  west  to  east.  At  these  points  it  becomes  very 
important  that  transmission  going  in  one  direction  shall 
cause  as  small  currents  as  possible  in  the  channel  arranged 
for  ciurents  going  in  the  opposite  direction.  It  is  these 
factors  that  make  Dr.  Campbeirs  work  of  the  greatest  v^lue 
to  us  in  that  he  discusses  broadly  the  problems  which  arise 
in  thus  dividing  a  telephone  or  telegraph  circuit  into  an  east- 
going  and  west-going  channel,  with  maximum  efficiency  and 
with  minimum  mutual  interference  between  the  two  channels. 

I  think  perhaps  the  paper  does  not  sufficiently  emphasize 
one  fact.  Dr.  Campbell  in  his  discussion  refers  to  his  four 
elements  as  resistances.  This  does  not  mean,  of  course,  that 
the  application  of  this  work  is  limited  to  those  cases  in  which 
the  elements  are  actually  pure  resistances.  In  the  practical 
cases  in  which  we  apply  it  the  elements  have  both  resistances 
and  reactances. 

John  H.  Cuntz:  A  word  as  to  the  training  of  9iultiplex 
operators  for  service  overseas  might  be  of  interest.  When 
the  first  lot  of  multiplex  men  were  sent  over,  as  Mr.  Enunons 
has  told  you,  it  was  very  soon  found  that  it  would  be  extremely 
difficult  to  obtain  trained  multiplex  men  in  this  country; 
in  fact,  it  was  absolutely  impossible  to  spare  any  more.  So 
it  devolved  upon  the  Signal  Corps  to  train  the  necessary  men. 

Up  at  the  College  of  the  City  of  New  York  we  already  had 
a  Signal  Corps  school,  where  men  were  being  trained  in  radio 
and  general  Signal  Corps  work,  and  it  was  decided  to  change 
that  over,  a  part  of  it  at  least,  into  a  multiplex  school.  The 
order  came  through  and  the  multiplex  school  was  started 
immediately,  and  we  realized  from  the  beginning  that  in  order 
to  get  men  ready  as  soon  as  possible,  it  was  b^t  not  to  take 
radio  men,  or  men  skilled  in  electrical  work,  but  to  train  touch 
typists  as  multiplex  operators.  We  got  hold  of  these  touch 
typists  as  fast  as  possible,  and  we  trained  them  and  sent  them 
over  within  the  required  time. 

Orders  subsequently  came  through  for  more  and  more 
men,  and  the  supply  of  touch  typists  gave  out,  so  we  had  to 
get  rather  raw  material  and  train  them  as  well  as  possible. 
At  the  same  time,  the  Western  Union  Telegraph  Company 
cooperated  with  us  in  the  most  remarkable  and  able  manner, 
and  the  whole  country  was  scoured  for  possible  multiplex 
men.  We  secured  them  from  the  Pacific  (Joast,  from  Florida 
and  from  everywhere  in  between.  A  great  many  multiplex  men 
unfortunately  had  already  been  transferred  toother  brandies 
of  the  service,  but  we  got  them  from  the  infantry,  and  artillery 
and  various  other  branches;  and  they  were  concentittted 
the  City  College  and  sent  overseas  in  quick  timc^Ppi! 

By  the  fall  of  1918,  we  had  already  sent  over  several  h 
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and  as  it  was  contemplated  to  enlarge  the  multiplex  system  on 
the  other  side,  plans  were  already  under  way  for  training 
several  thousand,  which  would  have  gone  through  if  the 
armistice  had  not  come  along  just  then.  As  far  as  we  can 
hear,  the  multiplex  men  we  sent  over,  after  a  little  necessary 
fmther  training,  acquitted  themselves  very  favorably,  and 
did  particularly  well. 

John  H.Bell:  The  only  remarks  which  seem  to  call  for 
any  attention  are  those  by  Mr.  Benjamin.  He  mentioned 
tiat  I  do  not  refer  to  the  Morkrum  System.  I  do  by  inference 
on  the  first  page, — "practically  all  the  printing  telegraph 
systems  not  considered  in  this  paper  have  a  carrying  capacity 
of  from  50  to  70  words  per  minute,  and  consequently  are  in  a 
class  by  themselves."  It  is  for  that  reason  I  did  not  include 
the  Morkrum  System.  If  I  had  included  the  Morkrum,  I 
would  have  had  to  include  a  description  of  the  Western 
Electric  start-stop,  the  Hughes,  and  the  Harrison,  and  that 
would  have  made  the  paper  very  much  too  lengthy. 

G.  A.  Campbell:  No  questions  have  been  raised  which 
need  any  word  from  me.  Of  course,  the  paper,  as  it  is  pre- 
sented, is  a  mathematical  one,  and  no  attempt  has  been  made 
here  to  go  into  the  physical  problem,  which  I  hope,  will  be 
presented  by  some  one  else  at  another  time. 
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The  method  proposed  makes  use  of  idle  operation 
of  the  machine  as  a  motor,  the  voltage  being  varied, 
and  speed  kept  constant.  After  deducting  the  arma- 
ture I*  R  losses  from  the  watts  input,  the  remaining 
watts  are  plotted  against  the  voltage.  A  formula  is 
derived  based  upon  the  assumption  that  the  watts  are 
equal  to  constant  windage  and  friction  loss  plus  core 
loss  which  latter  varies  as  a  constant  power  of  the 
voltage.  In  applying  the  method,  tangents  to  the 
curve  are  drawn  at  two  points,  and  from  the  slopes  of 
these  tangents,  the  voltages  and  watts  at  these  points, 
the  exponent  of  the  core  loss  curve,  the  core  loss, 
»ua  the  windage  and  friction  may  be  calculated  with  the 
use  of  the  equations  derived.  An  example  is  given 
of  the  close  agreement  with  the  test  curve  in  the 
case  of  an  induction  motor;  and  other  examples  are 
cited  of  close  agreement  of  the  core  loss  and  windage 
and  friction  losses  with  the  losses  measured  by  means 
of  the  usual  belted  method.  The  fact  is  pointed 
out  that  in  some  machines  more  accurate  results  are 
obtainable  by  means  of  the  proposed  method  than  with 
the  usual  belted  method. 


THE  usual  method  of  measuring  iron,  and  friction 
and  windage  losses  in  direct-current  and  syn- 
chronous alternating-current  machinery  consists 
in  driving  by  belt  from  a  small  direct-current  motor  and 
measuring  the  power  input.  This  method  has  three 
disadvantages:  (a)  The  losses  in  the  belt,  and  the 
losses  in  the  driving  motor  are  somewhat  uncertain, 
especially  the  former;  (b)  the  driving  motor  belt,  and 
possible  other  auxiliaries  require  extra  floor  space,  and 
necessitate  equipment  which  may  not  be  available  or 
difficult  of  application;  and  (c)  in  driving  some 
machines,  especially  turbo-generators  with  large  stored 
energy  in  rotating  parts,  it  is  difficult  to  average  with 
accuracy  the  current  input  to  the  driving  motor.^ 

1.  The  author  believes  that  the  belt  friction  loss  may  vary 
while  taking  observations  when  driving  large  turbo  generators, 
which  may  introduce  an  additional  error. 
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The  method  outlined  below  may  at  times  necessitate 
equipment  which  is  not  available,  or  it  may  require 
more  changes  than  would  warrant  its  use. 

The  method  is  one  that  has  been  used  frequently. 
We  believe,  however,  that  the  method  of  separation  of 
iron  from  friction  and  windage  losses  is  new.  It  con- 
sists in  operating  the  machine  idle  as  a  motor,  at  con- 
stant speed,  with  various  voltages  impressed  across  the 
armature,  the  watts  input  to  the  armature  being 
measured.  In  the  case  of  a  d-c.  machine,  the  excita- 
tion and  voltages  are  simultaneously  changed  so  as  to 
maintain  constant  speed.  With  synchronous  a-c. 
machines,  it  is  desirable  to  maintain  approximately 
unity  power  factor  by  altering  the  excitation  with  the 
voltage,  although  slight  departure  from  minimum 
current  will  not  introduce  appreciable  errors.  With 
induction  machines,  the  method  is  the  usual  idle 
running  saturation  curve — the  voltage  being  varied  and 
frequency  kept  constant.  It  is  advisable  to  employ 
integrating  instruments  for  the  power,  although  in 
some  cases  indicating  instruments  will  give  satisfactory 
results. 

In  d-c.  and  a-c.  synchronous  machines,  the  armature 
P  R  loss  is  usually  negligible,  but  in  induction  machines, 
this  loss  is,  in  general,  of  appreciable  magnitude,  and 
should,  therefore,  be  deducted  from  the  power  input. 

If  we  plot  volts  as  abscissas,  and  power  input  to  the 
armature^  (or  primary,  if  an  induction  motor)  as  ordi- 
nates,  the  curve  will  be  like  that  shown  in  Fig.  1.  It  is 
well  known  that,  in  many  machines,  if  the  laminated 
iron  subject  to  cyclic  changes  in  flux  densities  is  worked 
above  the  knee^  of  the  B-H  curve,  there  is  stray  flux 
produced   which  may,  by  its  rate  of  change,  induce 


2.  It  is  understood  that  if  the  /^  R  losses  in  the  armature  or 
primary  are  appreciable,  they  must  bo  deducted  from  the  power 
input. 

3.  We  appreciatg  that  "knee"  of  curve  is  liable  to  be  mislead- 
ing. It  appears  to  us,  that  with  ordinary  iron,  the  departure 
referred  to  begins  around  12,000  lines  per  sq.  cm.  in  the  core,  and 
16,500  lines  per  sq.  cm.  in  the  teeth.  In  giving  the  method  of 
separation  to  our  Testing  Department  we  have  asked  them  to 
select  the  high  point  at  approximately  90  per  cent  of  normal 
voltage. 
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electromotive  forces  in  parts  external  to  the  laminated 
iron  structure,  and  such  differences  of  potential  may 
cause  currents  to  circulate,  and  thereby  give  rise  to  by 
no  means  negligible  losses.  If  this  condition  obtains, 
the  total  so-called  iron  losses  augment  at  a  higher  rate 
than  ordinarily  and  we  shall,  therefore,  consider  only 
that  part  of  the  loss  curve  below  the  point  at  which  the 
high  loss  gradient  begins.  We  may  then  write  the 
equation  of  the  curve: 


Fui.  I 


(1) 


Eq 

n 


p  =  p^  +  Po  {E/Eor 

Where  E    =  any  voltage, 

=  voltage  below  "knee"  of  B-H  curve, 
=  constant  exponent  which  indicates  the  rate 
at  which  iron  loss  increases  with  voltage, 
Po  =  iron  loss  at  voltage  Eo, 
Pu,  =  friction  and  windage  loss  (constant  at 

constant  speed), 
P    =  total  loss  =  sum  of  friction  and  windage 
and  iron  losses. 

Or,  transposing  Py,  and  taking  natural  logarithms, 

log.  (P  -  P„)  =  log.  (Po/Eo)^  +  n  log.  E       (2) 

Differentiating  with  respect  to  E,  and  remembering 
that  (Po/£?o)"is  a  constant, 
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dp  n 


{P-P,)     dE         E 


(3) 


Or,  solving.  P^  =^  P  -  -^{-JW-)  ^*> 


Select  two  points*  on  the  curve ; 
For  the  first: 

p.p.    E  =  B.    and     {J^),{4^).. 

For  the  second : 

P  =.  P^    E  =  Ei    and 
Then, 

Whence 


/  dp  \  _  (  dv\ 
\dE  J      \dE  ) 


^'  (tI-)  -  ^'  (-rf) 


In  this  equation,  all  quantities  in  right-hand  member 

may  be  determined  from  the  curve;    (    ,  ^  j    is  the 

slope  of  curve  at  point  (1)  determined  by  drawing 
tangent  to  curve  at  that  point,  etc. 

Having  found  w,  we  may  substitute  in  (5),  and  eval- 
uate Pu,;  or  we  may  solve  for  Pu,  without  solving  for  n, 
thus: 

p    =  ^  ^ ^^ L  (7) 

2  1 

Finally,  if  P'  =  power  input  at  normal  voltage,  Eo 

Po  =  P'  -  P.  (8) 

We  now  have  all  of  the  constants  in  equation  (1),  and 
the  curve  may  readily  be  checked  by  calculating  a 
number  of  points. 

4.  See  previous  foot-note  in  regard  to  "knee"  of  curve  for 
seleotion  of  higher  point. 


leso] 


CARL  J.  FSCHHBIUBB 


S95 


We  g^ve  below  data  from  a  typical  test  curve  of  a 
three-phase  induction  motor;  the  equivalent  angle- 
phase  reastance  (1.5  X  resistance  between  tenniijfds) 
=  0.0438  ohm. 
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We  shall  plot  (Watts  -  I*R)  agiunst  volts  as   in 
Fig.  2.     If  we  draw  tangent  to  curve  at  point  E^  =  185 

volts,  we  obtain  (-^)  =    15.15,  and  P,    =    2600 

watts.    Similarly,  for  point  1,  we  take  Ei  =  85  volts, 

P.  -  1420  watts,  (-|f-)    =  7-9. 

Substituting  in  equation  (6) 
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n  = 


185  X  15.15  -  85  X  7.9 


2600  -  1420 

for  iron  loss. 

Then  from  equation  (5), 


=  1.81,  the  exponent 


P«  =  2600  - 


185 
1.81 


X  15.15  =  1050  watts  friction 


and  windage. 

From  equation  (8),  Po  =  3170  -  1050  =  2120  watts 
iron  loss  at  220  volts.    Substituting  in  equation  (1), 

P  =  1050  +  2120  i-^Q')  is  the  equation  of  the 
curve.* 

We  now  give  the  values  of  watts  —  /*  B  as  deter- 
mined from  test  (Table  I)  and  those  calculated  from  the 
equation : 

TABLE  II 


Watt»-i«/? 

Volts 

Test 

Calculated 

220 

3165 

3170 

200 

2830 

2830 

175 

2460 

2450 

150 

2118 

2092 

125 

1795 

1812 

100 

1543 

1558 

75 

1351 

1350 

0 

•  ■  •  • 

1050 

It  will  be  found  that  Fig.  3  is  useful  in  evaluating 
(E/Eo) "  or  (Eo/E) « .  Plotting  K  as  abscissas  and  K»  as 
ordinates  on  logarithmic  paper,  gives  a  straight  line 
which  may  also  be  useful. 

We  give,  as  examples  of  check  between  the  usual 
belted  method  and  the  method  proposed,  two  synchron- 
ous machines  on  which  losses  were  measured  both  ways. 
(See  following  table.) 

It  is  interesting  to  note  that  slight  inaccuracies  in 
drawing  the  tangents  to  the  curves  at  the  two  points 
do  not  introduce  great  errors.  For  example,  in  Fig.  2, 
the  tangent  at  point  2  can  be  drawn  but  little,  if  any, 
different  from  that  indicated;  but  at  point  1,  we  might, 


5.  In  this  case,  the  iron  is  worked  below  ''saturation"  at 
normal  voltage,  so  that  we  have  taken  Eq  to  correspond  to  nor- 
mal voltage  of  220. 
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as  extreme  with  not  careful  work,  draw  the  tangent  ao 

that  its  slope  i-Trrj  ia  8.3  instead;of  7.9.    This  gives 

for  the  exponent  "n"  1.774  instead  oy.81  and  for  P. 
1020  watts  instead  of  1050  and  for  Po  2145  instead  of 
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2120.  The  difference  in  friction  and  windage  is  thus 
3  per  cent  and  in  core  loss  1.2  p^  cent.  Although  this 
example  does  not  so  indicate,  the  exponent  "n"  usually 
changes  by  a  larger  percentage  with  slight  changes  in 
tangents  than  does  the  friction  and  windage  or  core 
loss.    Also  in  the  example,  the  exponent  is  less  than  2, 
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whereas  in  those  synchronous  machines  which  we  have 
investigated,  the  exponent  is  slightly  above  2.* 


Machine  ratliig 

Kw.  core  loai 
at  nor.  voltage 

Kw.  friction 
and  wind 

Kv-a. 

Volts 

R.P.M. 

Ph. 

Belt 

Proposed 
method 

Belt 

Proposed 
method 

Remarin 

1340 
10.000 

2200 
4160 

QOO 
1800 

3 
3 

16.1 
129.5 

16.4 
124* 

28. 
143.5 

27.6 
144 

Part  of 
m-g.  set 

Turbogen- 
erator 

•Machine  was  warm  when  making  this  test,  which  lowered  the  iron 
loss  slightly.     Madiine  was  started  cold  for  belted  test. 

In  using  this  method  of  separation  of  no  load  losses, 
we  suggest  the  advisability  of  adopting  a  large  scale, 
especially  for  the  power.  For  example,  if  in  Fig.  2, 
had  we  selected  the  zero  of  ordinates  to  be  1000,  we 
could  have  doubled  the  scale  and  still  have  plotted  the 
curve  on  standard  cross  section  paper. 

We  have  obtained  quite  reliable  results  with  syn- 
chronous machines  by  allowing  the  integrating  watt- 
meter to  nm  three  minutes  for  each  reading.  Much 
depends  upon  the  steadiness  of  voltage  and  frequency. 
It  is  doubtful  whether  integrating  instruments  can  be 
employed  to  equal  advantage  with  direct  current,  owing 
to  the  fact  that  such  instruments  are  less  reliable  than 
for  alternating  current. 

We  have  used  the  method  successfully  with  a  13,500- 
kv-a.  turbo  generator,  the  normal  speed  of  which  was 
2185  rev.  per  min.  In  that  case,  it  was  found  difficult 
to  obtain  consistent  data  with  the  ordinary  belt  method, 
owing  probably,  in  part,  to  change  in  belt  loss.  We 
have  not  experienced  difficulty  in  starting  polyphase 
synchronous  machines,  having  simultaneously  brought 


6.  Several  years  ago,  the  writer  observed  when  plotting  on 
logarithmic  paper,  core  loss  curves  of  synchronous  machines 
(taken  by  belted  method),  that  the  exponent  was  greater  than  2, 
even  below  those  densities  which  correspond  to  beginning  of 
saturation.  It  would  be  interesting  to  have  explanations  from 
Institute  members. 
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up  to  speed  the  turbo  generator  and  the  machine  sup- 
plying power  to  it. 

While  the  foregoing  application  is  outlined  for  sepa- 
ration of  iron  loss  from  friction  and  windage  loss,  and 
determination  of  the  equation  of  the  iron  loss  curve 
below  saturation,  it  is  obvious  that  it  may  be  applied  to 
any  problem  in  which  the  general  equation  is  similar 
in  form. 
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Discussion    on  "A    Method  on  Separating  No- 
Load    Losses    in    Eixctrical    MACHmratY^, 

(FECHHEDfER),      NEW    YORK,    N.  Y.,  FEBRUARY 

19, 1920. 

V.  Karapetoff :  Equation  (1)  in  Mr.  Fechhemer's 
paper  is  of  the  form  that  has  interested  me  for  a  number 
of  years.  Now  and  then  a  problem  arises  in  which  a 
quantity  varies  Cor  may  be  assumed  to  vary)  according 
to  the  nth  power  of  an  independent  variable,  plus  a 
constant  term.  The  expression  of  the  no-load  losses 
in  an  electrical  machine  is  one  such  case,  and  imfor- 
tunatety  the  logarithmic  paper  cannot  be  used  for  the 
determination  of  the  exponent  n,  because  of  the  pres- 
ence of  the  other  constant  term  in  the  equation. 

The  separation  of  the  core  loss  from  the  friction  by 
the  method  described  is  not  new  in  principle,  although 
I  do  not  recall  having  seen  the  use  of  a  fractional  ex- 
ponent in  just  this  way.  In  my  "Experimental  Elec- 
trical Engineering",  in  the  chapter  entitled  "Direct- 
Current  Machinery — Efficiency  and  Losses",  I  give  a 
similar  formula,  with  the  one  exception  that  the  expo- 
nent n  is  assumed  to  be  equal  to  2 .  This  is  nearly  correct 
for  machines  working  at  a  slightly  higher  degree  of  satu- 
ration than  that  selected  for  the  numerical  example 
in  the  paper  under  discussion.  In  many  cases  it  will 
be  simpler  to  obtain  an  approximate  value  of  the  fric- 
tion losses  using  the  exponent  2,  and  then  obtain  more 
accurate  values  of  Pu:  and  7i  by  a  few  trials,  using  loga- 
rithmic paper.  This  possibility  does  not  detract,  of 
course,  from  the  ingenuity  of  the  method  as  used  by 
Mr.  Fechheimer  in  application  to  large  machines. 

The  introduction  of  the  quantities  Po  and  Eo  does 
not  seem  to  be  necessary,  since  they  do  not  appear 
in  the  final  expressions  (6)  and  (7).  It  may  be  prefer- 
able to  write  (1)  in  the  form 

P  =  P^  +  KE'^  (a) 

The  application  of  this  formula  is  limited  to  the  range 
of  flux  values  for  which  n  is  approximately  constant; 
this  statement  takes  the  place  of  Po  and  Eo. 

In  the  place  of  expression  (6)  I  wish  to  suggest  a 
different  formula.  Taking  a  derivative  of  (a)  with  re- 
spect to  E,  and  introducing  for  the  sake  of  brevity 

p  =  dP/dE  (b) 

we  obtain 

p  =  k  nE"*  ^  (c) 

Writing  this  expression  for  two  points,  1  and  2,^on 
the  curve  in  Fig.  2,  we  get 
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Pi  \^i/ 


(d) 


(JPl.) 


•««(*) 


Whether  formula  (6)  or  eq.  (e)  is  used  it  is  advisable 
to  compute  n  for  more  than  one  pair  of  points,  in  order 
to  see  if  it  remains  approximately  constant. 

In  order  to  increase  the  accuracjr  of  the  method,  it 
may  be  advisable  to  compute  the  friction  loss  P»  from 
the  data  for  several  points  on  the  curve,  and  to  take  the 
average  value.  This  may  be  done  as  follows:  Multi- 
pljdng  both  sides  of  equation  (c)  by  E  we  get 

pE  =  nKE''  (f ) 

Substituting  the  value  of  k  E"  derived  from  this  ex- 
pression in  to  equation  (a),  we  obtain 

Let  (g)  be  written  for  several  points,  say,  on  the  curve. 
Adding  these  expressions  term  by  term  we  get 

The  value  of  Pu.  so  computed  will  represent  the  true 
average  value  for  the  whole  curve  and  for  the  average 
value  of  n. 

A  much  closer  approximation  to  the  real  shape  of 
the  experimental  P  —  E  curve  is  obtained  by  the  addi- 
tion of  a  quadratic  term  to  expression  (1),  thus: 

P  =  P^  +  a  E2  +  Jk  E»  (j) 

The  addition  of  this  term,  which  represents  the  eddy 
current  loss,  and  possibly  some  of  the  hysteresis  loss, 
makes  it  possible  to  carry  the  analysis  to  much  higher 
degrees  of  saturation  than  is  permissible  with  the  less 
accurate  formula  (1).  Moreover  formula  (j)  permits 
a  simultaneous  use  of  four  points  on  the  P  —  E  curve 
instead  of  two,  as  in  Mr.  Fechheimer's  method.  To 
determine  the  unknown  coefficients  P«„  a,  k,  and  n, 
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we  differentiate  equation  (j)  with  respect  to  E  and  mul- 
tiply the  result  by  E.    This  gives 

£  p  =  2a  £*  +  n  *  £•  (k) 

Eliminating  k  E^^  between  (j)  and  (k),  as  before,  we 
obtain 

n P  +  E^ a  {2  -n)  -n P^  =  E p  (1) 

We  now  take  two  points,  1  and  2,  on  the  given  curve, 
write  equation  (1)  for  both,  and  subtract  one  expression 
from  the  other  to  eliminate  n  P^.    The  result  is 

n(P,-Pi)  +a(2- w)(£;,^-£i«)  =£,p, 

-  El  pi    (m) 

A  sunilar  equation  is  then  written  for  two  other 
points  on  the  curve,  say  3  and  4.  These  two  equations 
may  then  be  solved  together  for  n  and  a  ( 2  —  n ), 
considering  the  latter  expression  as  one  variable. 
Knowing  a  and  n  P«,  may  be  computed  from  ec^^uation 
(1).  Finally  k  may  be  determined  from  equation  (j), 
should  this  quantity  be  deemed  to  be  of  interest. 

While  the  actual  computations  are  more  involved 
than  with  the  simpler  formula  (1),  the  resultant  curve 
passes  through  four  points  on  the  given  curve,  instead 
of  two  only.  This  resultant  curve  will  also  probably 
fit  the  given  curve  so  closely  that  check  computations 
for  per  cent  error  will  be  unnecessary  in  most  cases. 

In  an  exceptionally  important  case  involving  a 
dispute,  or  with  a  large  number  of  experimental  data 
of  comparatively  small  accuracy,  it  may  be  advisable 
to  use  the  method  of  least  squares,  so  as  to  obtain  not 
one  of  the  possible  solutions  but  the  most  probable  curve 
and  the  probable  error.  Since  one  of  the  unknown  quan- 
tities, n,  is  an  exponent,  an  expansion  according  to 
Taylor's  theorem  is  necessary.  A  similar  case  in  ther- 
modynamics has  been  treated  in  detail.* 

In  some  cases,  especially  with  large  machines,  the 
retardation  method  t  for  determining  the  friction  loss 
may  prove  preferable  to  the  one  described  in  the  paper 
under  discussion;  or  else  the  two  methods  may  be  used 
to  check  each  other.  The  machine  under  test  is  brought 
to  a  speed  say  10  per  cent  above  that  at  which  the  fric- 
tion is  to  be  measured.  Then  the  power  is  shut  off 
and  the  machine  is  allowed  to  slow  down  to  a  speed 
about  10  per  cent  below  the  desired  speed.  While 
the  machine  is  slowing  down,  a  speed- time  curve  is 
taken,  using  an  electric  tachometer;  or  else  a  decelera- 

♦v.  Kaxapetoff ,  '  'Engineering  Applications  of  Higher  Mathe- 
matics", Part  III,  p.62. 

tV.  Karapetofif,  "Experimental  Electrical  Engineering",  Vol.I 
Cap.  on  *'D-C.  Machinery — Eificiency  and  Losses". 
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tion-time  curve  may  be  taken  using  a  magneto  in  series 
with  a  galvanometer  and  a  condenser.  This  test  is 
performed  with  the  field  current  on,  and  then  again 
with  the  field  circuit  open.  The  field  current  must 
have  exactly  the  same  value  as  during  a  run  at  the 
rated  speed  at  which  the  total  loss  is  determined  with  a 
wattmeter,  as  in  the  test  described  in  Mr.  Fechheimer's 
paper.  The  slopes  of  the  two  retardation  curves  will 
give  the  relative  proportion  of  the  friction  in  the  total 
stray  loss,  and  knowing  the  numerical  value  of  this 
loss  from  the  wattmeter  reading,  the  amount  of  fric- 
tion loss  is  readily  computed. 

Thus,  with  a  simple  additional  test  the  hypothesis 
such  as  equation  (1)  becomes  unnecessary,  and  the 
computations  are  reduced  to  dividing  a  wattmeter  read- 
ing in  a  known  ratio.  The  retardation  test  has  been 
further  improved  by  Professor  Robertson*  who  has 
described  a  very  accurate  stroboscopic  method  for 
speed-time  measurement,  and  by  D.  iCappt  who  has 
snown  how  to  vary  the  retardation  rate  at  will  by  keep- 
ing the  machine  connected  to  the  line. 

I  believe  that  Mr.  Fechheimer  is  wrong  in  his  state- 
ment that  the  retardation  method  requires  the  deter- 
mination of  the  moment  of  inertia  of  the  revolving 
part,  and  I  do  not  think  any  of  us  would  care  to  use 
this  method  if  it  were  based  on  the  accuracy  of  the 
calculation  of  the  moment  of  inertia.  There  are  at 
least  four  methods  whereby  the  moment  of  inertia  can 
be  eliminated  out  of  the  computations,  one  method  is 
to  put  a  brake  on  the  shaft  as  an  additional  known 
friction  loss,  and  to  perform  one  run  with  the  brake  and 
one  without.  From  the  slopes  of  the  two  curves  the 
moment  of  inertia  may  be  eliminated. 

Another  method  is  to  change  the  unknown  moment  of 
inertia  by  adding  a  mass  of  a  known  moment  of  inertia, 
and  again  to  make  two  runs,  one  with  the  additional 
mass,  and  one  without  it.  There  is  also  a  purely  electrical 
method  proposed  not  long  ago  by  Dr.  Kapp  (see  refer- 
ence above),  in  which  he  allows  the  machine  once  to 
retard  and  once  to  accelerate,  while  the  machine  is  con- 
nected to  the  source  of  power  through  a  large  resist- 


•Professor  D.  Robertson,  "Separation  of  the  No-Load  Stray 
Losses  in  a  Continuous-Current  Machine  by  Stroboscopic  Run- 
ning-Down Methods",  The  Journal  of  the  Institution  of  Elec- 
trical Engineers  (British)  Vol.  53,  1915,  pp.  308  to  328. 

tDr.  Gisbert  Kapp,  "Experimental  Determination  of  the 
Moment  of  Inertia  of  a  Continuous  Current  Armature",  The 
Journal  of  the  Institution  of  Electrical  Engineers,  (British)  Vol. 
44.  1910,  pp  248  to  254. 
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ance.  This  also  gives  two  equations,  from  which  the 
moment  of  inertia  is  eliminated.  Perhaps  the  simplest 
method  for  eliminating  the  moment  of  inertia  is  to 
perform  one  run  by  the  retardation  method,  and 
another  at  a  constant  speed,  taking  one  wattmeter 
reading.  From  the  two  runs  the  moment  of  inertia 
may  be  eliminated  and  this  is  probably  the  method 
most  used. 

In  the  particular  class  of  machines  with  which  Mr. 
Fechheimer  is  concerned,  it  seems  to  me  that  the  re- 
tardation method  is  especially  proper,  and  particu- 
larly with  the  refinements  that  have  been  brought  into 
the  art  within  the  last  few  years.  One  of  the  refine- 
ments is  the  use  of  very  accurate  measuring  devices  for 
determining  instantaneous  speeds.  Another  refinement 
is  the  use  of  Dr.  Robertson  s  stroboscopic  method  re- 
ferred to  above. 

William  F.  Dawson:  Evidently  the  main  object 
of  Mr.  Fechheimer's  paper  was  to  bring  out  the  advan- 
tage of  this  method  of  separating  no-load  losses.  I 
may  say  for  the  sake  of  historical  acciu'acy,  that  the 
method  is  not  new.  I  have  known  about  it  for  twelve 
or  fifteen  years  and  it  was  in  use  before  that.  The 
method  is  very  convenient  and  is  highly  to  be  com- 
mended. Anybody  who  has  ever  had  to  do  with  using 
belts  for  getting  core  losses  must  realize  their  limi- 
tations. Unless  they  are  specially  prepared  and  glazed 
joints  take  the  place  of  lacings  there  are  many  diffi- 
culties, and  for  turbo-generators,  it  is  practically  im- 
possible to  curve  any  belt  around  a  small  shaft  or 
available  pulleys  so  as  to  drive  the  load  evenly  and 
uniformly. 

My  own  experience  with  respect  to  testing  turbo- 
alternators  began  eight  or  nine  years  ago.  With  the 
then  available  methods,  it  was  difficult  to  get  core 
losses.  We  could  take  them  by  retardation,  but  as 
Mr.  Fechheimer  says,  they  were  not  satisfactory.  It 
is  possible,  as  Dr.  Karapetoff  says,  to  take  them  with- 
out knowing  the  moment  of  inertia.  At  that  time 
however,  I  could  not  be  sure  of  the  speed.  Tach- 
ometers were  not  satisfactory,  and  counting  machines, 
while  suggested,  were  not  available.  Therefore  we 
adopted  the  method  described  by  Mr.  Fechheimer. 
The  turbo  alternators,  with  the  turbine  wheels  con- 
nected to  them,  were  driven  as  synchronous  motors, 
and  by  varying  the  electromotive  forces  supplied  by 
the  generator,  and  taking  a  full  curve  for  each  voltage 
reading,  we  obtained  the  minimum  input  or  unity 
power  factor. 
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As  a  rule,  we  found  that  while  we  got  very  excellent 
readings  in  the  upper  part  of  the  curve,  we  could  not 
get  steady  readings  much  lower  than  one-third  the 
normal  voltage  and  so  had  to  extrapolate  the  curves 
but  the  results  were  very  satisfactory.  I  never  thought 
that  the  exponent  was  constant,  and  I  have  run  much 
above  the  saturation  and  found  exponents  as  high  as 
five.  I  think — I  do  not  know  — that  the  explanation 
is  as  Prof.  Karapetoff  has  pointed  out.  Core  losses  of  one 
group  of  materials  are  superimposed  upon  the  core 
losses  of  another  group  of  material.  Judging  by  the 
saturation  curve  of  the  machine,  one  may  be  below  the 
knee,  but  there  are  a  number  of  elements  which  enter 
into  the  saturation,  the  saturation  of  the  armature 
core  itself,  which  is  the  principal  thing,  and  satur- 
ation of  the  teeth  which  will  often  saturate  more 
quickly  than  any  other  part  of  the  magnetic  cir- 
cuit. The  magnetic  length  is  short  and  it  has  small 
effect  upon  the  saturation  curve,  but  a  large  effect  on  the 
core  loss.  Machines  with  large  air  gaps  straighten  out 
the  saturation  curve  enormously.  In  some  machines  the 
focault  current  losses  are  generated  by  magnetic  poten- 
tial difference  across  the  slot  and  these  introduce  a  new 
element,  depending  on  the  width  of  the  conductor. 

There  is  one  interesting  thing  about  this  schemie. 
One  can  test  the  turbo-alternator,  and  separate  these 
no-load  losses,  even  with  the  turbine  wheels  on.  But 
one  must  be  cautious,  because  in  running  a  turbo- 
alternator  either  as  a  synchronous  motor  or  synchro- 
nous condenser,  without  steam  passing  through  the 
turbine,  the  wheels  and  buckets  may  become  so  hot 
as  to  damage  them.  For  this  reason  it  is  a  standard 
practise  with  us  to  test  with  the  wheels  removed,  or 
else  to  lead  low  pressure  steam  into  the  turbine,  in 
such  a  way,  as  not  to  cause  any  motoriug. 

Those  interested  in  the  steam  end  of  the  set  may 
at  the  same  time  measure  the  turbine  rotation  losses,  at 
various  degrees  of  vacuum.  Do  not  try  to  maintain  such 
a  high  vacuum  that  it  cannot  be  maintained  steadily. 
We  found  we  could  do  very  well  with  a  vacuum  of  27  or  28 
inches  (2  inches  to  3  inches  absolute). 

There  is  another  method  of  separating  these  no- 
load  losses.  I  will  not  go  into  that  method  now  but 
the  article  I  have  prepared  will  appear  in  the  Feb- 
ruary number  of  the  General  Electric  Review. 

W.  I.  Slichter:  The  discussion  of  the  variation  of 
the  exponent  B,  which  causes  variation  in  core  loss,  is 
most  interesting.  We  have  not  only  the  cause  of  this  va- 
riation, which  we  find  in  simple  samples  of  iron;  but 
we  have  this  variation  which  has  been  alluded  to  as 
the  fiux  seeking  different  paths  and  causing  add\\!\oTV8i3L 
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eddy  currents  in  the  solid  masses.  There  is  also  a 
third  cause,  which  I  should  contribute  to  this,  that  as  we 
go  up  in  saturation,  the  wave  shape  in  our  flux  will  be 
shaped,  and  the  relation  which  we  figure  between  volt- 
age and  flux  density  at  one  point  will  not  be  the  same 
at  anotJier.  The  matter,  therefore,  must  be  handled 
with  great  care  by  one  not  experienced  with  it. 

P.  L.  Alge  (by  letter) :  Mr.  Fechheimer's  method 
of  extrapolating  an  incomplete  cm^e  by  assuming  it 
to  be  of  a  simple  logarithmic  character  has  proved 
useful  in  many  fields  of  experimental  science,  notably 
that  of  ballistics,  and  his  application  of  it  to  the  separa- 
tion of  no  load  losses  is  very  appropriate. 

Mr.  C.  MacMillan,  has  proposed  a  somewhat  similar 
method,  which  we  use  to  arrive  at  the  same  end.  This 
method  consists  in  plotting  the  excitation  watts 
against  voltage  squared,  thus  bringing  the  lower  ex- 
perimental points  much  nearer  to  the  axis  of  zero  volt- 
age, and  drawing  a  representative  straight  line,  or  at 
worst. a  very  flat  curve,  through  the  experimental 
points  by  eye.  If  the  core  loss  did  obey  a  square  law, 
the  points  would  fall  exactly  on  a  straight  line  and  this 
line  would  be  very  accurately  determined.  In  prac- 
tise, the  law  is  so  nearly  a  true  square  law  that  the 
points  over  the  middle  range  ot  voltage  do  tall  nearly 
on  a  straight  line  and  it  is  not  difficult  to  choose  a  repre- 
sentative line.  The  method  amounts  to  assuming  the 
value  of  w  to  be  2  and  taking  a  mean  value  of  the  co- 
eflBcient  of  V**.  It  has  the  advantages  of  requiring 
no  calculation  except  squaring  the  voltage,  of  throw- 
ing the  excitation  curve  so  near  to  the  axis  of  zero  volts  as 
to  require  but  a  very  short  extrapolation,  and  of  giving 
the  curve  to  be  drawn  the  simplest  possible  shape. 

The  chief  difficulty  we  have  met  with  in  using  this 
method  has  been  that  the  experimental  points  fre- 
quently give  indications  of  obeying  two  quite  dif- 
ferent laws  of  variation  in  different  parts  of  the  curve, 
thus  making  any  extrapolation  inaccurate.  (Both 
parts  are  frequently  straight  lines  when  watts  are 
plotted  against  volts  squared).  However,  this  dif- 
ficulty applies  to  any  method  of  extrapolation  and  it 
can  only  be  said  that  orderly  methods  of  extrapolation 
like  Mr.  Fechheimer's  and  Mr.  Macmillan's,  will  give 
much  better  results  than  the  usual  hit  or  miss  method 
of  drawing  the  watts-volts  curve  by  eye. 

The  question  raised  by  Mr,  Fechheimer,  as  to  the 
causes  of  variations  of  core  loss  with  voltage  at  a  higher 
rate  than  the  square  is  a  very  interesting  one.  I  be- 
lieve there  are  four  principal  reasons  which  may  cause 
n  to  be  greater  than  2: 

1.    Leaning  of  the  effective  area  of  flux  path  with 
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increase  in  density.  As  the  flux  density  rises,  satura^ 
tion  sets  in  in  some  places  notably  at  the  tooth  comers 
and  at  unannealed  edges  of  the  punchihgs,  so  that  the 
flux  is  crowded  into  a  smaller  area  of  iron  the  higher 
the  density  is.  This  lessening  of  area  of  path  causes 
the  flux  density  to  rise  more  rapidly  than  the  voltage, 
thus  causing  the  losses  to  go  up  faster  than  the  square 
of  the  voltage. 

2.  Increasing  distortion  of  wave  form  with  increase 
in  density.  The  wave  form  of  flux  variation  at  any  partic- 
ular point  of  the  iron  is  not  usually  sinusoidal,  even  though 
the  total  flux  varies  sinusoidally:  since  the  distribu- 
tion of  flux  between  available  parallel  paths  changes 
markedly  with  increase  of  density.  Thus  eddy  currents 
of  triple  and  higher  frequencies  exist  in  the  iron  6ven 
at  low  densities  and  with  sinusoidal  variation  of  total 
flux.  These  higher  frequency  eddy  losses  may  in- 
crease at  a  considerably  faster  rate  tiian  the  square  of 
the  voltage. 

3.  Lessening  of  effective  resistance  of  the  eddy 
current  paths  with  increase  in  voltage.  Any  eddy 
current  losses  caused  by  imperfect  insulation  between 
stampings  may  be  expected  to  rise  at  a  higher  rate  than 
the  square  of  the  voltage  since  the  contact  resistance 
between  stampings  will  decrease  as  the  eddy  currents 
increase. 

4.  Crowding  of  flux  into  iron  outside  the  lamina- 
tions. As  Mr.  Fechheimer,  has  observed,  at  high 
densities  some  flux  will  be  crowded  into  the  solid  iron 
frame  or  other  magnetic  parts  contiguous  to  the 
laminations.  These  parts  will  have  a  much  higher 
specific  loss  than  the  laminations,  so  that  after  tiiey 
begin  to  receive  flux  the  total  losses  will  rise  quite 
rapidly. 

C.  J.  Fechheimer:  The  trend  of  much  of  the 
discussion  is  in  regard  to  the  variation  of  the  exponent 
'  V,  which  I  took  to  be  constant.  We  must  remember 
that  in  commercial  testing,  there  is  no  desire  to  secure 
laboratory  precision.  I  have  plotted  core  loss  curves 
of  a  large  number  of  machines  on  logarithmic  paper, 
and  the  curves  were  always  a  straight  line  indicating 
the  constancy  of  the  core  loss  exponent  "n",  provided 
there  was  no  saturation  in  any  parts  of  the  magnetic 
circuit  imdergoing  cyclic  change.  I  do  not  mean 
to  define  just  what  the  point  of  the  beginning  of 
saturation  is  other  than  as  stated  in  the  third  footnote 
in  the  paper.  The  shape  of  the  no-load  saturation 
ciu^e  is  not  necessarily  a  means  for  determining  the 
point  of  departure,  as  the  saturation  may  be  in  the 
parts  undergoing  cyclic  change,  such  as  the  armatuxe 
core,  or  it  may  be  in  the  poles  in  wViicYi  tiie  ^\nL\a  eaxL- 
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stant.  Inasmuch  as  the  tests  are  usually  made  in  the 
testing  department  of  the  manufacturing  company  the 
designer  could  indicate  to  the  testing  department  what 
is  the  highest  point  on  the  curve  to  which  the  tangent 
might  be  drawn.  In  all  cases  in  which  the  method 
has  been  used,  the  curves  calculated  by  means  of 
equation  (1)  after  "n"  and  "P  m;"  had  been  evaluated 
by  means  of  equations  (6)  and  (4)  were  almost  in 
exact  coincidence  with  the  test  curves.  I  therefore, 
do  not  believe  it  would  be  wise  to  ask  our  testing 
departments  to  employ  the  more  tedious  formulas 
which  Prof.  Karapetoff  has  so  nicely  worked  out. 
As  I  understand  Mr.  Dawson's  statement  in  regard 
to   "foucalt   current   losses   generated   by    magnetic 

1)otential  difference  across  the  slot",  such  losses  at  no- 
oad  are  either  due  to  saturation  of  the  teeth  to  which 
I  have  just  referred,  or  arise  from  some  of  the  main 
flux  entering  the  slot;  in  the  latter  case,  these  losses 
are  proportional  to  the  square  of  the  voltage  and  are 
included  as  part  of  the  so-called  "iron"  loss,  regardless 
of  the  method  of  measurement. 

Prof.  Sliehter's  reference  to  the  change  in  wave 
shape  of  flux  at  different  points  on  the  saturation 
curve,  I  understand  to  be  a  change  in  flux  wave  shape 
in  the  air  gap.  That  is  modified  if  the  teeth  are  satu- 
rated, and  so  long  as  we  keep  below  high  tooth  densi- 
ties, no  error  is  introduced. 

I  agree  with  Mr.  Dawson  that  the  exponent 'V 
may  be  as  high  as  five,  well  above  saturation.  The 
losses  increase  at  a  very  high  rate,  once  the  flux  does 
not  remain  in  those  parts  to  which  it  is  supposed  to  be 
confined. 

In  abstracting  the  paper,  I  made  mention  of  the 
retardation  method  of  measuring  no-load  losses,  and 
pointed  out  its  disadvantages,  difficulty  in  securing 
accurate  measurement  of  speed,  and  in  calculating  the 
moment  of  inertia.  Prof.  Karapetoff  tells  us  ot  re- 
fined methods  of  taking  speed-time  curves  and  of  means 
of  evaluating  the  moment  of  inertia  experimentally. 
Such  improvements  undoubtedly  have  advantages, 
especially  if  employed  in  laboratories;  but  our  com- 
mercial testing  departments,  which  today  are  loaded 
with  more  instruments  than  they  would  like  to  have, 
would  very  reluctantly  introduce  such  devices  as  Prof. 
Robertson's  stroboscope  or  additional  brake  (the  fric- 
tion loss  in  which  is  probably  subject  to  variation). 
I  am  not  entirely  familiar  with  some  of  the  methods  of 
measuring  moment  of  inertia  about  which  Prof. 
Karapetoff  tells  us,  and  I  believe  that  he  has  given 
us  a  number  of  suggestions  which  may  prove  helpful. 


PfsenUd  aithsSth  MidwinUr  Comtniiou  oftks 
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New  York,  February  10,  1020. 
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This  paper  discusses  the  voltage  changes,  inhercait 
in  d-c.  circuits,  upon  change  of  load.  These  vuia- 
tions  are  independent  of  tr  dro^s  or  speed  of  prime 
movers.  A  simple  means  of  mitigating  their  effeot 
is  given. 

Introduction 

IN  developing  a  device  to  measure  time  to  one 
millionth  of  a  second  we  were  at  one  time  con- 
fronted with  the  question,  how  is  the  voltage  of 
a  "flat"  compounded  generator  affected  by  an  increase 
or  decrease  of  load?  We  were  not  interested  in  what 
happened  as  indicated  by  a  voltmeter,  (as  the  generator 
was  carefully  compounded  for  the  range  of  load  under 
consideration),  but  what  happened  at  the  instant  the 
load  was  changed.  We  were  surprised  at  the  extent 
of  the  voltage  drop,  indicated  by  the  oscillograph, 
when  the  load  was  increased.  The  very  interesting 
oscillograms  and  data  resulting  from  fxuHier  investiga- 
tion of  this  drop  form  the  basis  of  this  paper. 

The  principles  governing  this  drop  are  set  forth  in 
elementary  text  books  on  engineering,  and  while 
simple  in  this  form  their  application  to  a  network  of 
conductors  supplied  with  current  by  a  generator  is 
difficult  to  follow,  and  when  mathematically  stated 
lead  to  very  complex  equations  that  can  be  compre- 
hended only  by  a  painstaking  study  of  the  problem. 

The  result  is  that  the  busy  engineer  with  insuflBcient 
time  to  concentrate  upon  this  subject  frequently  en- 
counters, in  practise,  manifestations  of  this  drop  with- 
out realizing  the  cause  or  recognizing  the  principle. 
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We  find  very  little  written  on  the  subject;  a  sugges- 
tion of  it  here  and  there  in  articles  referring  to  tran- 
nents,  and  with  the  exception  of  reference  made  to  it 
in  Lamme's  paper^  on  commutation,  no  comprehensive 
statement  of  the  case  has  come  to  our  notice. 

The  simple  explanation  of  this  dip  in  voltage  given 
in  Lamme's  paper  follows  verbatum:  "Assume,  for 
instance,  a  100-volt  generator  supplying  a  load  of 
100  amperes — ^that  is,  with  one  ohm  resistance  in  cir- 
cuit. The  drop  across  the  resistance  is,  of  course, 
100  volts.  Now,  assume  that  a  resistance  of  one  ohm 
is  thrown  in  parallel  across  the  circuit.  The  resultant 
resistance  in  circuit  is  then  one-half  ohm.  However, 
at  the  first  instant  of  closing  the  circuit  through  the 
second  resistance,  the  total  current  in  the  circuit  is 
only  100  amperes,  and  therefore  the  line  voltage  at  the 
first  instant  momentarily  must  drop  to  50  volts.  How- 
ever, the  e.  m.  f.  generated  in  the  machine  is  100  volts, 
and  the  discrepancy  of  50  volts  between  the  generated 
and  the  line  volts  results  in  a  very  rapid  rise  in  the 
generator  current  to  200  amperes.  If  the  current  rise 
could  be  instantaneous,  the  voltage  dip  would  be  rep- 
resented diagrammatically  by  a  line  only;  that  is,  no 
time  element  would  be  involved.  However,  the  current 
cannot  rise  instantaneously  in  any  machine^  due  to  its 
self-induction,  and  therefore,  the  voltage  dip  is  not  of 
zero  duration,  but  has  a  more  or  less  time  interval. 
The  current  rises  according  to  an  exponential  law, 
which  could  be  calculated  for  any  given  machine  if  all 
the  necessary  constants  were  known.  However,  such 
a  great  number  of  conditions  enter  into  this  that  it  is 
usually  impracticable  to  predetermine  the  rate  of 
current  rise  in  designing  a  machine;  and  it  would  not 
change  the  fundamental  conditions  if  the  rate  could 
be  predetermined,  as  will  be  shown  later." 

Lamme  points  out  that,  "If  a  given  load  is  thrown 
on  a  machine,  the  dips  will  be  relatively  less  the  higher 
the  load  the  machine  is  carrying.  Also,  if  the  same 
percentage  of  load  is  thrown  on  each  time,  then  the 
dips  should  be  practically  the  same,  regardless  of  the 


1.  B.  G.  Lamme,  "Physioal  Limitations  in  D-C.  Commutating 
Machinery."    Trans.  A.  I.  E.  E.  1915,  Part  11; 
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load  the  machine  is  already  carrying/'  He  also  gives 
a  table  of  test  results  to  substantiate  this  taken  from 
oscillograph  curves  which  were  considered  too  faint  to 
be  reproduced  in  the  paper. 

In  our  investigation  of  the  "dip"  we  were  able  to  get 
very  good  oscillograms  though  the  phenomenon  is  a 
difficult  one  for  the  oscillograph  to  record.  It  is  the 
purpose  of  this  paper  to  extend  the  evidence  by  oscillo- 
graph records  and  plots  drawn  up  from  a  mathematical 
consideration  of  a  range  of  ideal  circuits,  which  give 
at  a  glance  a  better  understanding  of  the  relative  im- 
portance of  various  conditions  than  would  be  disclosed 
in  pondering  over  a  word  picture. 

Load  Increboints 

Several  tyi)es  of  generators  were  examined  and  the 
"dip"  found  in  all  in  accordance  with  the  theory  within 
the  limitations  of  the  oscillograph. 

The  following  oscillograms  were  obtained  from  the 
same  generator  under  various  conditions  of  load  and 
may  be  considered  to  represent  fairly  the  performance 
of  any  continuous-current  generator,  making  due  al- 
lowance for  generator  constants. 

The  performance  of  any  continuous-current  generator 
in  this  regard  can  be  more  easily  understood  by  con- 
sidering what  happens  when 
A  non-inductive  load  is  added  to  a  generator  carrying 

no  load (Case  one); 

An  inductive  load  is  added  to  a  generator  carrying 

no  load (Case  two) ; 

A  non-inductive  load  is  added  to  a  generator  carrying 

a  non-inductive  load (Case  three); 

An  inductive  load  is  added  to  a  generator  carrying 

a  non-inductive  load (Case  four) ; 

A  non-inductive  load  is  added  to  a  generator  carrying 

an  inductive  load (Case  five); 

An  inductive  load  is  added  to  a  generator  carrying 
an  inductive  load (Case  six). 

Case  One 

If  an  ideal  non-inductive  resistance  is  thrown  on 
the  circuit  of  a  separately  excited  generator  carrying 
no  load,  there  will  be  an  instant  demand  for  cxirrent 
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E 
of  value  —  where  E  is  the  voltage  at  the  terminals  to 

which  load  is  applied  and  ri  is  the  resistance  of  the  ap- 
plied load. 

Owing  to  the  inductance  of  armature  and  leads, 
current  cannot  be  supplied  instantly,  and  as  no  current 
was  flowing  before  load  was  applied  and  did  flow  after- 
ward, obviously  it  must  have  increased  from  zero 
value.  As  E  =  JiJ  the  voltage  must  drop  to  zero  at 
the  instant  the  load  is  applied,  and  increase  along  a 
simple  exponential  curve  depending  only  upon  the 
time  constant  of  the  circuit,  to  the  value  equal  to  the 
generated  voltage  minus  the  internal  IR  drop. 

The  drop  to  zero  is  therefore,  fundamental  and  is 
independent  of  the  type  of  the  generator,  its  size,  its 
generated  voltage,  or  the  value  of  the  applied  load. 
These  variables  influence  only  the  time  of  recovery 
to  normal  voltage  and  the  form  of  the  recovery  curve. 

Considering  the  inductance  of  the  circuit  to  be 
confined  to  the  armature:  The  instant  demand  for 
current  gives  rise  to  an  e.  m.  f.  of  self-induction  which 
opposes  any  increase  of  current  (at  that  instant  zero) 
and  with  respect  to  the  generated  voltage  is  therefore 
a  counter  e.  m.  f.  The  value  of  this  counter  e.  m.  f. 
with  respect  to  the  value  of  the  generated  voltage  at 
any  instant  during  the  transient,  is  just  sufficient  to 
allow  current  to  flow  into  the  circuit  at  a  rate  such 

di 
that  the  e.  m.  f.  of  self-induction  (L  -7-.)  at  any  instant 

added  to  the  IR  drop  at  that  instant  equals  the  gener- 
ated voltage.  Therefore,  at  the  instant  when  load  was 
applied  and  the  current  was  zero  the  counter  e.m.f.  of 
self-induction  just  equaled  the  generated  voltage  in 
value,  consequently  the  voltage  of  the  circuit  reduces 
to  zero. 

If,  as  in  all  practical  cases,  part  of  the  inductance  is 
in  the  leads  of  the  external  circuit,  the  voltage  at  the 
generator  terminals  should  drop  instantaneously  to  a 
value  approaching  zero  as  the  inductance  of  the  ex- 
ternal circuit  approaches  zero. 
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Capacity  effects  greatly  complicate  matters  and  their 
consideration  precludes  a  »unple  presentation  of  the 
phenomena.  This  is  particularly  so  in  the  case  of 
underground  cable  distribution  where  we  find  distri- 
buted capacity  and  inductance  to  a  considerable  eictent. 
However,  in  the  case  of  isolated  plants,  overhead 
distribution,  and  branches  of  underground  systems 
shut  off,  as  it  were,  by  the  inductance  of  protection 
devices,  instruments,  meters,  etc.,  the  available  capac- 
ity is,  in  general,  so  small  as  compared  to  the  instant 
demand  for  energy  that  capacity  effects  have  been 
neglected.  Those  who  wish  to  consider  capacity 
effects  in  connection  with  this  phenomenon  can  refer 
to  such  standard  works  as  "Transient  Phenomena"  by 
C.  P.  Steinmetz,  and  "Propagation  of  Electric  Waves 
Along  Telegraph  Conductors"  by  J.  A.  Fleming. 

The  following  conclusions  and  equations  assume 
lumped  constants  that  remain  constant  during  the 
time  necessary  for  the  readjustments  to  take  place,  and 
are  applicable  also  to  battery  circuits  where  there  is 
a  series  inductance  that  would  correspond  to  the 
inductance  of  the  generator  armature,  as  for  instance, 
the  series  coils  of  a  circuit  breaker  or  watt-hour  meter. 

As  previously  pointed  out,  applying  a  non-inductive 
load  to  an  unloaded  generator  results,  at  the  generator 
terminals,  in  an  instantaneous  drop  of  voltage  to  zero. 
From  this  point  the  voltage  returns  to  normal  value 
according  to  an  exponential  curve. 

e  =  E  (1  -  €-«»0  (1) 

where 

6  is  voltage  at  any  instant 
E  =  normal  voltage 
t  =  time  since  application  of  load. 


r 


where 


r   =  complete  resistance  of  circuit. 
La=  inductance  of  armature. 
Equation  1  can  be  developed  from 

e  =  ifi  (2) 
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where  i  is  instantaneous  value  of  current 

r  1  ^  resistance  of  applied  load. 

and 

t  =  7  (1  -  €-<'^)  (3) 

where  /  =  — 

u 

At  ^  =  0,  that  is  at  the  instant  of  closing  the  switch 
€-«*  reduces  to  1,  and  equation  3  becomes 

i(i.o)  =  0  (4) 

which  substituted  in  (2)  reduces  (2)  to 

^O-o)  =  0 

From  the  foregoing  it  will  be  seen  that  the  voltage 
drop  is  independent  of  the  value  of  the  resistance  ap- 
plied, also  that  the  velocity  of  return  to  normal  is  a 
function  of  the  resistance,  and  an  inverse  function  of 
the  inductance. 

The  natural  question  as  to  the  whereabouts  of  the 
voltage  generated  by  the  rotating  armature  of  the 
machine,  which  is  dependent  only  upon  the  speed  of 
rotation  and  the  strength  of  field,  can  be  answered  by 
a  study  of  the  reactions  of  the  armature  itself,  the  in- 
stant of  closing  the  circuit. 

Because  the  armature  is  inductive  it  resists  any  at- 
tempt to  change  the  value  of  current  flowing  in  it  by 
a  counter  e.  m.  f.  =  ec 

di 
e.  =  L.  Ji  (5) 

which  by  differentiating  (3)  with  respect  to  t,  and  sub- 
stituting in  (5)  becomes 

(6) 
(7) 


ec  =  rl  €-«»' 

=  E  €-««' 

which  at  t  = 

=  0  becomes 

Be        =  E 

From  7,  3,  and  2  it  is  seen  that  the  sum  of  the 
external  iri  voltage  and  the  armature  reactance  voltage 
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neglecting  armature  resistance,  is  always  equal  to  the 
generated  voltage,  that  is 

ir,+L.|.E 

Fig.  1  is  a  plot  from  calculated  values  find  illuEtrateB 
how  a  change  in  the  value  of  the  applied  non-ihdtictJve 
load  affects  the  shape  of  the  voltage  recovery  curve  and 
Uie  time  of  recovery.  The  solid  lines  represent  cuirrait 
increase  as  well  as  generator  e.  m.  f .  The  brdken 
lines  represent  the  decrease  in  coimter  e.  m.  f.  as  the 
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current  approaches  its  steady  value.  The  sum  of  the 
generator  voltage  and  the  counter  e.  m.  f.  at  any- 
instant  during  the  transient  equals  100  per  cent  fA 
the  generator  voltage  when  the  tran^ent  terminates. 
Some  oscillograms  from  actual  tests  are  shown  in 
Big.  2.  None  of  these  show  the  voltage  drop  com- 
pletely to  zero,  as  should  be  expected,  for  a  ample  cal- 
culation is  sufficient  to  show  that  in  every  case,  the 
rate  of  rise  of  voltage  was  such  that,  assuming  a  natural 
period  of  4000  cycles  per  second  for  the  oscillograph 
vibrator,  the  voltage  would  be  sufficiently  great  to 
give  measurable  deflections  before  the  vibrator  could 
return  to  zero.  The  table  of  test  results  given  in 
Lamme's  paper,  taken  from  oscillograph  curves,  does 
not  indicate  sufficient  drop  in  cases  where  the  added 
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of  the  oscillograph  (mentioned  by  Lamme),  should 
have  been  aubstantially  to  zero  volts. 

The  oscillograins  show  clearly  the  variation  in  the 
rate  of  recovery  and  time  of  recovery  with  varying 
demand  upon  the  generator.  The  distance  between 
each  peak  represents  an  elapsed  time  of  approximately 
0.001  second.  Some  of  the  detail  in  the  originaljOS- 
cillograms  has  disappeared  due  to  the  sevonl  photo- 
graphic processes  necessary  to  reduce  them  to  print. 
None  have  been  retouched  for  any  purpose. 
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Case  Two 

An  inductive  load,  t/irown  upon  an  unZoaded  machine. 
Under  these  conditions  the  voltage  can  never  drop 
to  zero,  since 

e-ir+|*L,  (9) 

where  L,  is  inductance  of  load. 

As  in  equation  (3)  the  current  will  rise  according 
to  an^Gxponential  law, 

i=  /(l- t--)  (10) 


where  ( 

differentiatingljwe  get 


A.  L.  BLUB  AND  B.  W.  ST.  CLAIR     [Feb.  19 


'L.  +  L, ' 


L.+L, 
snibetitutiQg  (10)  and  (12)  in  9  we  get 


which  at  t  =  o  becomes 


(11) 
(11) 

(13) 

CM) 


That  is,  at  the  instant  of  closing  the  cuY^uit  the 
voltage  of  the  machine  divides  in  the  ratio  of  the  in- 
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ductance  of  the  external  and  internal  circuits,  and  there 
is  an  instantaneous  drop  to  this  value.  The  instantan- 
eous voltage  drop  depends  upon  the  ratio  of  the  in- 
ductances, and  is  independent  of  their  absolute  value, 
or  of  the  re^tance  of  the  circuit.  The  velocity  of 
return  to  normal  voltage,  however,  depends,  upon  the 
resistance,  since  at  the  instant  of  closing  the  switch 


where  L,  =  U  +  U  (15) 

Fig.  3  is  a  plot  of  calculated  values  on  semilogarith- 
mic  paper  and  shows  how  a  change  in  the  value  of 
resistance  and  inductance  of  applied  load  affects  the 
extent  of  voltage  drop  and  the  rate  of  rise  to  normal. 
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f^g.  4  gives  the  same  data  plotted  on  cross  section 
paper. 

OsciUograms  from  tests  under  several  conditions  of 
load  are  shown  in  Fig.  5. 
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Case  Three 
A  non-47idtictive  load  added  to  a  machine  carrying  a 
non-inductive  load. 
In  this  case  there  is  an  instantaneoiu  dtop  ol  '7Q\\a.i!& 
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to  a  value  that  is  equal  to  the  combiQed  reastance  of 
the  circuits,  times  the  current  furnished  by  the  machine 
at  the  instant  of  closing  the  switch, — that  is 


where 


/i  (ri  +  r,) 


(16) 


=  steady  load. 
=  added  load. 
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The  current  builds  up  along  an  exponential  law. 


i-/. +7,(1- 


«) 


(17) 


or,  - 


(n  +  rO 
ri  rj  L, 


and  the  voltage  is 
where 


(18) 


e  -  7,fi  +  Rlt  (1  -  e-"') 
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Fig.  6  is  a  plot  of  calculated  values  to  logarithmic 
abscissas  for  several  values  c^  steady  load  and  added 
load. 

Fig.  7  gives  the  same  data  plotted  to  rectilinear 
coordinates. 

Oscillograms  from  tests  under  several  conditions  of 
load  are  shown  in  Fig.  8. 

Oscillograms  for  similar  values  of  load  added  to  a 
generator  under  no  load  (case  one)  are  shown  for  com- 
parison. 
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Case  Four 
The  machine  carryinff  a  iwn-inductive  load,  and  an 
inductive  load  added. 

In  this  case  there  is  no  instantaneous  drop  of  voltage 
but  the  voltage  falls  on  an  exponenUal  curve,  and  rises 
on  a  similar  curve  of  smalla-  exponent  value.  The 
voltage  across  the  two  branches  is  alike  at  every  instant 
and  is 

,di^L^ 

^-3r 


=  urt  - 


(20) 


where  ii  is  the  instantaneous  value  of  current  in 
branch  1,  i^  the  instantaneous  value  of  current  in 
branch  2.     Li  =  the  inductance  of  branch  2. 

=  /i  +iiC«-'"'-  Kf-'^  (21) 


where 
where 


K  = 


-  a,  U)B 
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B  . 


1  Li(ai  —  oUi 


S-q, 

■  2L,L. 


^  +q 
2L.U 
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where 


qi  =  V5-  4r,r,  L,L, 
where 

At  (  =  o  (21)  of  course  reduces  to 

^if.B  =  /i  and  the  voltage  becomes  (22)' 

e,_o  =  /,ri  =  E  (23) 

Y\%.  9  is  a  plot  of  calculated  values  for  urrerdX  eon* 
ditions  of  steady  and  added  load.  .' 

OBdllogruoa  from  tests  under  several  conditions  of 
load  are  shown  in  Fig.  10  in  ccanparison  with  dndlar 
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values  of  non-inductive  load  added  to  a  genraator 
carrying  non-inductive  load.     (Case  three). 
Case  Five 

The  machine  carrying  an  inductive  load,  and  a  fton- 
inductive  load  added. 

In  this  case  there  is  an  instantaneous  drop  to  zero 
and  a  building  up  from  there  on  an  exponential  curve. 


=  iir,  +L, 


di, 


;,  =  /,  +  Ki  «-"*"  +  Kttr'^ 


(24) 

(25) 
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92  =  V  5*  —  4  fi  r2  La  Li 
K2  =  B2  (ri  -  at  Li) 
Ks  =  {It  +  Kt) 
where 

B  ^' 

*       Li  (ae  -  a?) 

Substituting  (25)  in  (24)  we  get 

e  =  u  {1 2  +  Ki  f^  +  Ki  €-«»')  (26) 

which  on  equating  i  =  0  becomes 

e,.o  =  0  (27) 

since  in  (26)  both  K2  and  Ki  are  negative  numbers  and 
—  K%  —  Ki  =  It* 

Fig.  10-A  is  a  calculated  plot  of  several  values  of 
load  added  to  a  10-ohm  load  of  variable  inductance. 

Oscillograms  from  tests  imder  several  conditions  of 
load  are  shown  in  Fig.  11  in  comparison  with  similar 
values  of  non-inductive  load.     (Case  three.) 

Case  Six 

An  inductive  load  added  to  an  inductive  load. 

There  is  in  this  case  an  instantaneous  drop  in  voltage, 
but  never  to  zero.  The  instantaneous  voltage  is  ap- 
proximately equal  to  the  voltage  of  the  machine,  times 
the  ratio  of  the  added  inductance  to  the  sum  of  the 
added  load  and  machine  inductances.  The  voltage 
builds  up  from  this  value  along  an  exponential  curve 
of  four  terms.  The  current  builds  up  from  ^ero  ac- 
cording to  an  exponential  curve  of  two  terms. 

61  =  62  =  ii  ri  +  Li  -^  =  ij  fa  +  L2  -^        (28) 

ii  =  /i  +  K4  €«•*  -  K,  e-^^  (29) 

where 

Ki  =  Bs  (r2  -  ^9  Li) 

—  It  (u  -  ag  Li) 


B,  = 


ag  = 


(fi  L2  -  r2  Li)  («»  -  as) 
2L, 
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q,  -  VS;  -  4L.r,r, 
S,  -  L.  (r,  +  r,)  +L,r,  +  L,  r, 
L,-L,L,  +  L.U  +  L.  L. 
Differentiating  (29)  we  get 

dt 

Substituting  (29)  and   (30)  in  (28)  reduces  it  to 
ei  -  r,  1  7,  -  K,  [«-■«  -  «-«|  | 

+  L,  Kt  (o,  «-«•  -  a,  «-")  (31) 


-  a,  K,  «—• '  +  a,K,i 


(30) 


TIME  IN  SECONDS  SmCE  CLOSE  OF  SWITCH 

Pio.  lO-A 


This  at  (  =  0  becomes 


Bi  I-  0  =  Ti  7i  +  Li  i?4  (org  -  or.) 
=  E  +  LiK,  (a,  -  a,) 


(32) 
(33) 

The  second  term  of  this  expression  is  always  a  n^a- 
tive  quantity  since  a»  is  always  greater  than  ai. 

Fig.  12  is  a  plot  of  calculated  values  for  several  con- 
ditions of  steady  and  added  load. 

Oscillograms  from  tests  under  several  conditions  of 
load  are  shown  in  Fig.  13  in  comparison  with  similar 
values  of  inductive  load  added  to  a  generator  carrying 
non-inductive  load.     (Case  four). 

Load  Decrements 

A  load  removed  from  the  circuit  produces  effects 
opposite  to  those  when  load  is  added,  namely,  a  voltage 
rise  instead  of  dip. 
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It  is  well-nigh  impossible  to  express  mathematically 
such  cases  or  analyze  them  experimentally,  due  to  our 


inability  to  assign  proper  value  to  the  increasing  resist- 
ance of  the  arc  that  forms  when  the  load  is  removed. 
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Conclusion 

The  foregoing  equations  can  of  course  be  at  best  but 
first  approximations  especially  at  values  well  along  the 
recovery  curve.  No  allowance  has  been  attempted 
for  the  variation  of  permeability  with  flux  density,  or 
for  the  individual  characteristics  and  reactionsof  ma^ 
chines  themselves.  However,  the  equations  will  be 
foimd  valuable  and  reliable  for  the  computation  i^ 
voltages  near  the  start  of  the  transient,  which  should 
make  them  of  value  in  the  determinations  of  tfaoae 
conditions  that  would  cause  flicker  of  lamps  upon  the 
loading  of  a  generator  or  circuit. 

The  principles  and  equations  aU-eady  l^d  down  lead 
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Fio.  12 


to  some  rather  unusual  conclusions  regarding  the  means 
of  improving  the  instantaneous  regulation  of  circuits 
where  flickering  of  lamps  is  objectionable.  The  voltage 
changes  that  have  been  discussed  are  inherent  in  such 
circuits,  and  in  general,  in  large  measure  are  indepen- 
dent of  the  cross  section  of  feeder  or  service  lines. 
No  matter  how  large  the  cross  section  there  will  be  a 
voltage  dip  that  is  inherent  in  the  circuit,  and  if  the 
inductance  of  the  series  circuit  is  large  enough  the  ap- 
plication of  a  load  will  cause  flicker.  Being  dependent 
upon  the  inductance  of  the  circuit  for  their  duration, 
attempts  at  their  elimination  by  the  compounding  of 
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machines  are  obviously  steps  in  the  wrong  direction. 
Better  instantaneous  regulation  will  be  obt^ned  from 


shunt  machines,  than  from  compounded  ones  due  to 
the  lesser  inductance  of  the  former.  Not  only  doee 
compounding  lead  to  a  greater  duration  of  traDaieot 
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conditions  but  the  extra  windings  have  no  effect  on 
the  generated  voltage  of  the  machine  until  the  current 
has  risen  well  along  the  recovery  curve. 

The  disturbances  of  large  loads  applied  to  lines  can 
be  mitigated  by  the  insertion  of  suitable  values  of  in- 
ductance coils  of  low  resistance  in  series  with  the 
applied  loads.  In  general  the  larger  the  value  of  the 
inductance  applied  the  smaller  will  be  the  effect  of  a 
given  load  on  the  rest  of  the  line.  The  fimdamental 
principles  involved  in  this  application  were  discussed 
under  the  second  case  of  load  increments.  It  was  there 
shown  that  the  greater  the  ratio  of  the  applied  induc- 
tance to  the  machine  inductance,  the  less  will  be  the 
instantaneous  drop.  The  other  cases,  that  of  in- 
ductance added  to  loads  already  on  the  lines,  follow 
this  same  principle  though  the  analytical  treatment  of 
them  is  not  so  simple. 
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Discussion  on  "Inherent  Regulation  op  D-C, 
Circuits"  (Ellis  and  St.  Clair),  New  York, 
N.  Y.,  February  19, 1920. 

V.  Karapetoff:  I  should  like  to  suggest  to  the 
authors  of  the  paper  that  they  mark  their  specific 
cases  more  distinctly.  For  example,  when  an  in- 
ductance is  added  to  the  resistance,  it  is  imderstood 
from  the  text  that  the  inductance  is  put  in  series 
with  the  resistance.  In  another  case  they  add  a 
resistance  and  an  inductance  in  parallel,  and  in  one 
of  the  cases  the  machine  is  supposed  to  be  carrying 
an  inductance  load.  I  do  not  know  how  a  direct- 
current  machine  can  carry  a  purely  inductive  load; 
perhaps  it  may,  but  certainly  the  paper  needs  a  more 
explicit  marking  of  the  cases. 


>i  +    iz 


Some  years  ago  I  read  a  paper  on  the  concentric 
method  in  education  in  which  I  advocated  going  from 
the  simple  to  the  more  complicated  and  from  the 
concrete  to  the  abstract.  Now,  this  paper  is  written 
according  to  the  concentric  method,  beginning  with 
the  simplest  case  and  going  to  complicated  cases. 
It  may  therefore  seem  inconsistent  on  my  part  to 
criticise  a  paper  for  being  so  written.  In  a  professional 
paper  I  would  rather  see  a  more  general  case  pre- 
sented, first — I  mean  a  case  that  admits  of  mathe- 
matical treatment  without  undue  complication,  and 
from  which  other  cases  may  be  derived  as  specific 
examples.  Otherwise  we  can  go  on  multiplying  these 
cases,  and  yet  not  get  a  bird's  eye  view  of  the  whole 
situation  and  of  the  possibilities  of  the  method  itself. 
I  should  like  to  show  that  all  these  cases  and  many 
others  are  comprised  in  one,  which  permits  of  a  very 
simple  integration. 

Fig.  1.  shows  a  d-c.  generator  loaded  on  two 
branch  loads  in  parallel.  Each  load  consists  of  a 
resistance  r  and  of  some  inductance  L  in  series  with 
it.  The  resistance  p  and  the  inductance  X  of  the 
armature  and  of  the  leads  to  the  load  are  concentrated 
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in  the  line,  thus  giving  an  ideal  armature  with  a 
constant  induced  e.  m.  f.,  E.  The  change  in  the 
armature  reaction,  due  to  the  sudden  change  in  the 
load,  is  disregarded  as  it  is  in  the  original  paper. 

At  the  instant  t  ~  o  the  original  values  of  the  three 
resistances  and  of  the  three  inductances  are  suddenly 
changed,  and  the  values  shown  in  the  figure  are  the 
new  values.  The  values  of  inductance  previous  to 
t  =  0  are  of  no  interest  since  the  currents  then  are 
steady;  instead  of  giving  the  values  of  the  resistances 
previous  to  the  change,  we  shall  assume  that  the  steady 
currents  up  to  the  time  t  =  o  are  known. 
(Ill After  the  instant  t  =  o  the  transient  currents  in 
the  circuit  are  expressed  by  the  simultaneous  differ- 
ential equations: 

e  =  %iri  +  Li  -jj-  (1) 

e^itU  +  Lt^  (2) 

E  =  p  (ii  +  it)  +  X-j^(ii  +  i2)+e  (3) 

where  e  is  the  transient  load  voltage.  The  result  of 
the  elimination  of  any  two  out  of  the  three  unknown 
functions,  viz.,  ii,  t2,  and  e,  leads  to  a  linear  differential 
equation  of  the  second  order.  Hence,  the  solution  is 
of  the  well-known  form 

ri  —  m  Li  Ti—  n  Li 

t2  =  /a ^^--  €-»»' ^-r-  e-^        (5) 

In  these  equations  /i  and  J 2  are  the  final  values  of  the 
currents  when  <  =  » ,  and  a  and  /3  are  the  constants 
of  integration  to  be  determined  from  the  initial  cur- 
rents at  t  =  0.  The  decrements  (or  the  increments) 
m  and  n,  according  to  which  the  transient  currents 
vary  from  their  initial  to  the  final  values,  are  fimctions 
of  the  six  given  constants  of  the  circuit. 

Substituting  the  values  of  ii  and  it  from  (4)  and 
(5)  into  (1),  (2),  and  (3),  and  equating  to  zero  the 
coefficients  of  €~~'  and  e-"' ,  since  the  results  must 
be^identically  true  at  any  instant  of  time  after  t  =  0, 
we  get 
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r-  + ^^^r-  + ^— T-  =  0 

ri  —  m  iJi         r^  —  Tti  Li-i  p  —  m  a  /g\ 

and  a  similar  expression  for  n.  Since  the  expressions 
for  m  and  n  are  identical,  and  since  equation  (6)  is 
a  quadratic  with  respect  to  m,  we  conclude  that 
m  and  n  are  the  two  roots  of  equation  (6)  which  thus 
can  be  readily  computed.  Both  roots  of  equation 
(6)  are  always  real. 

Let  the  steady  currents  in  the  two  load  branches, 
at  the  time  preceding  the  sudden  change,  be  pi  and 
Pz  respectively.  Because  an  electric  current  possesses 
electromagnetic  inertia  and  cannot  be  changed  suddenly 
the  values  of  the  transient  currents  at  the  instant 
inmiediately  following  f  =  0  are  also  equal  to  pi  and 
pi.  Substituting  these  values  into  eqs.  (4)  and  (5) 
when  <  =*  0,  we  get 

Pi  =  1% f- f — 

P»    «   i2  — 


fa  -—  W  L2  Tt  —  n  Li  ro\ 

From  these  expressions  the  values  of  a  and  j8  can  be 
easily  computed. 

Thus,  the  whole  problem  is  reduced  to  the  following 
four  simple  steps: 

(1)  Compute  the  initial  steady  currents  pi  and 
p2  by  Kirchoff's  laws; 

(2)  Compute  the  final  currents  Ii  and  /j  at  i  =  od 
by  Kirchoff's  laws; 

(3)  Solve  the  quadratic  equation  (6)  for  m,  and 
take  the  two  roots  of  it  as  the  values  of  m  and  n. 

(4)  Solve  the  simultaneous  linear  equations  (7) 
and  (8)  for  a  and  /3. 

The  transient  currents  are  then  given  by  the  equa- 
tions (4)  and  (5)  and  the  variable  voltage  across  the 
load  is 

e  =  Eo  -  a  €-«'  -  18  €-•*  (9) 

where 

Eo  =  /i  rx  =  7,  u  (10) 

is  the  final  load  voltage  at  i  =  <» . 

H.  R.  Summerhayes:  The  work  of  Messrs.  Ellis 
and  St.  Clair  has  a  very  practical  application  in  that 
it  refers  to  the  phenomenon  observed  when  elevator 
loads  are  thrown  on  to  d-c.  generators,  and  the  flicker 
in  lights,  of  course,  is  observed  when  the  generators 
are  relatively  of  small  size.  There  is  a  dip  in  the 
voltage,  when  the  elevator  load  is  thrown  on,  ob- 
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servable  even  when  d-c.  service  is  obtained  from  the 
largest  central  stations,  with  capacity  of  a  million 
amperes,  more  or  less,  and  that  is  due  to  the  self- 
inductance  of  the  whole  circuit,  whidi  is  relatively 
very  low,  so  that  the  dip  has  very  little  effect  on  the 
lamps.    But  one  reason  that  an  elevator  load  is  so 

{)articularly  objectionable  in  small  plants,  as  far  as 
ighting  is  concerned,  is  that  you  not  only  add  the 
motor  load,  that  is,  the  inductive  load,  but  in  many 
instances,  to  secure  a  better  control,  a  non-inductive 
resistance  is  thrown  in  shunt  across  the  circuit  at 
the  same  time  as  the  elevator  motor  in  series  with 
its  starting  resistance,  and  that  may  account  for  the 
rather  large  dips  that  are  observed. 

The  result  of  many  investigations  has  been  sum- 
marized in  what  you  might  call  a  rule  of  thumb  formula 
that  with  a  d-c.  generator  of  any  size,  you  can  throw 
on  about  one-sixth  load  without  objectionable  flicker 
being  caused  on  the  light  supplied  from  that  generator. 
That  is  a  rough  rule,  of  course,  but  it  appears  to  hold 
for  many  sizes  and  types  of  generators,  but  if  you  try 
to  throw  on  more  than  one-sixth  load,  the  flicker  in 
the  lights  is  objectionable,  and  has  to  be  met  by  such 
expedients  as  inducing  inductance  in  the  motor  circuit 
or  by  other  methods. 

L.  W.  Thompson:  A  second  method  to  overcome 
the  dip  that  occurs  in  d-c.  generators  is  to  inductively 
couple  the  power  and  light  circuits,  through  a  one  to 
one  ratio  transformer,  so  that  at  each  sudden  applica- 
tion of  power  load,  a  compensating  pulse  of  energy 
is  added  to  the  lighting  circuit  at  the  instant  the  drop 
occurs. 

Good  results  have  been  obtained  from  this  method 
and  it  is  readily  applicable,  for  it  is  only  necessary  to 
add  the  equivalent  of  a  15  kw.,  60-cycle  lighting 
transformer  for  every  75-kw.  generator  capacity. 

B.  W.  St.  Clair:  The  general  equations  for  trans- 
ients are,  of  course,  well  known.  To  reduce  them  to 
fit  specific  cases  requires  more  time  than  many  engineers 
can  afford  and  also  demands  mathematical  trans- 
formations that  are  difficult  for  many  practical 
engineers  to  follow,  though  they  are  simple  enough  to 
mathematically  inclined  engineers  and  physicists. 
The  simpler  cases  require  very  simple  equations,  quite 
different  in  appearance  from  the  general  equations. 
It  is  much  easier  to  substitute  numerical  values  into 
these  simplified  equations  for  these  cases  than  it  is 
to  substitute  in  the  general  equation.  It  is  for  this 
reason  that  the  paper  is  written  as  it  is.    The  paper 
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does  not  attempt  to  cover  all  possible  cases,  but  it 
does  cover  some  of  the  more  usual  ones. 

Most  of  the  oscillograms  reproduced  in  the  paper 
do  not  show  the  voltage  drop  completely  to  zero  in 
those  cases  where  the  theory  carries  it  to  zero.  This 
IS  not  due  to  a  breakdown  of  the  theory,  but  to  limita- 
tions of  the  oscillograph.  We  made  numerous  tests 
of  the  effect  of  the  damping  of  the  oscillograph  vi- 
brator upon  the  faithfulness  of  the  records  of  these 
extremely  rapid  transients.  The  value  of  damping 
used  for  these  records  was  one  that  gave  quite  accurate 
results  in  most  cases  after  the  return  from  zero  voltage 
was  25  per  cent  completed.  A  few  simple  computa- 
tions are  sufficient  to  show  that  it  is  impossible  in 
most  cases  for  the  vibrator  to  reach  zero  where  the 
change  from  f\^\  voltage  to  zero  was  instantaneous 
before  the  voltage  recovery  was  well  along  on  its 
cycle. 

I  am  afraid  that  Dr.  Karapetoff  has  misread  those 
portions  of  the  paper  where  the  six  specific  cases  are 
described.  There  is  no  case  where  the  machine  is 
supposed  to  be  carrying  a  pure  inductance.  What 
is  meant  by  an  ''inductive  load"  is,  of  course,  one  that 
has  finite  resistance.  This  is  the  usual  meaning  in 
engineering  literature  for  the  term.  The  curves  and 
oscillograms  for  these  inductive  cases  give  the  re- 
sistance and  the  inductance  of  the  oncoming  load. 

Our  case  1 — the  most  simple  one  possible  corres- 
ponds to  a  load  of  lamps  added  to  a  machine  otherwise 
unloaded.  Case  2 — to  a  motor  load  in  place  of  a  lamp 
load  added  to  an  unloaded  machine.  Case  3 — is 
similar  to  a  lamp  load  added  to  a  lamp  load  and  this 
is  one  that  may  cause  much  trouble  from  flicker  in 
office  buildings  where  isolated  plants  are  used.  Case 
4  corresponds  to  a  motor  load  added  to  an  existing 
lamp  load.  This  is  a  case  that  has  been  the  cause 
of  numerous  complaints  and  investigations  in  this 
city  where  elevators  and  lights  are  operated  from  the 
same  generator.  The  fifth  case  is  that  of  lamps  added 
to  a  motor  load  and  the  last  that  of  a  motor  load  added 
to  a  motor  load.  This  is  Dr.  Karapetoff's  general 
case.  A  comparison  of  its  equations  and  those  of 
some  of  the  earlier  cases  will  show  the  desirability 
of  using  the  specific  rather  than  the  general  equations 
for  numerical  computation. 

To  use  the  general  equation  requires  first  of  all 
the  solution  of  at  least  two  and  generally  more  simul- 
taneous equations  before  the  main  equations  can  be 
attacked. 
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The  impulse  transformer  described  by  Mr.  Thompson 
is  a  very  ingenious  device.  It  is  an  attempt  to  add 
to  the  lamp  circuit  another  transient  that  will  be  of 
opposite  polarity  to  the  first  so  that  if  exactly  the 
counterpart  of  the  first  it  will  neutralize  the  first  one. 
It  is,  however,  impossible  to  make  this  correction 
exact.  The  transients  change  with  the  lamp  load, 
the  starting  currents  requir^  by  the  elevator,  etc. 
It  can  be  looked  upon  as  a  special  case  6.  There  is 
always  a  drop  of  voltage  in  the  lamp  circuit.  There 
is  also  added  to  that  circuit  a  sudden  rise  of  voltage. 
However,  as  the  two  transients  generally  have  very 
different  duration  times,  the  correction  is  never  com- 
plete. The  voltage  will  change.  Whether  this  change 
will  cause  perceptible  flicker  depends  upon  the  rate 
of  change,  the  size  of  the  lamps,  etc.  The  resulting 
flicker  will  be  lessened  in  general  if  in  addition  to  the 
transformer  a  large  inductance  of  low  resistance  is 
added  to  the  elevator  circuit. 

Philip  Torchio :  How  would  this  be  complicated 
if  you  took  into  account  the  temperature  coefficient 
of  lamp  filaments? 

B.  W.  St.  Clair:  This  is  something  we  tried 
to  work  out  but  found  it  a  difficult  thing  to  do.  Dr. 
Langmuir  has  worked  out  the  change  in  temperature 
and  candle  power  as  functions  of  filament  sizes  for 
sinusoidal  voltages  but  not  for  impulse  voltages. 
It  is  difficult  to  get  an  expression  for  the  rate  of  cooling 
of  the  filament  during  these  voltage  shifts. 
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American  Institute  of  Electrical  Engineers, 
New  York,  February  19,  1920. 

Copyright  1920.     By  A.  I.  E.  E. 
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The  paper  discusses  the  requirements  imposed  by 
proving  ground  practise  upon  a  ohronopfraph  which 
18  intended  for  general  ammunition  testing.  Instru- 
ments of  the  standard  pre-war  pattern  were  entirely 
inadequate  in  number  for  testing  the  immense 
quantities  of  ammunition  contracted  for  by  the 
Government  during  the  war.  The  development  work 
undertaken  to  cope  with  the  whole  problem  of  velocity 
testing  was  first  directed  towards  devising  methods  for 
speeding  up  measurements  with  the  existing  instru- 
ments. Conditions  made  it  necessary  to  lay  aside 
th^  work  and  concentrate  upon  the  development  of 
a  totally  new  device  for  obtaining  the  results  both 
speedily  and  accurately.  The  mstrument  which 
was  developed,  and  adopted  as  a  standard  ordnance 
chronograph,  is  designated  "Aberdeen  chronograph." 
An  account  of  its  development  is  given.  It  is  an 
assembly  of  many  standard  parts,  with  a  few  necessary 
special  ones.  Rapid  production  of  the  instruments 
was  thereby  made  possible.  The  Aberdeen  chrono- 
graph, and  the  procedure  in  determining  velocities 
by  this  means,  are  described  in  detail.  For  the  sake  of 
comparison,  the  Bouleng^  chronograph  is  briefly 
described.  Comparative  results  as  to  speed  and 
accuracy  of  measurement  are  given. 


Introductory 

ONE  of  the  very  important  measurements  which 
must  be  made  at  an  army  proving  ground  is 
that  of  projectile  velocity.  Not  only  is  it  essen- 
tial that  such  measurements  be  made^  in  connection 
with  ammunition  testing  and  development,  but  it  is 
equally  essential  that  the  results  be  reliable.  Data 
of  the  greatest  accuracy  are  needed  in  certain  problems 
of  experimental  development.  Velocity  measurements 
for  the  computation  of  range  tables  must  be  as  free 
from  error  as  possible.  In  making  powder  tests, 
seven  "uniformity"  rounds  are  fired;  the  measured 
velocities,  for  acceptance  of  the  powder,  must  agree 
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within  narrow  limits.  Rejection  of  a  lot  usually  means 
the  rejection  of  thousands  of  dollars'  worth  of  ma- 
terial. 

The  difficulty  of  making  these  speed  tests  is  increased 
by  the  fact  that  the  portion  of  the  flight  of  a  pro- 
jectile with  which  we  are  directly  concerned,  is  an  ex- 
tremely transient  phenomenon.  The  interval  during 
which  the  shell  lends  itself  to  the  measurement  is  of 
the  order  of  hundredths  of  seconds.  This  fact  adds  a 
third  difficult  requirement  to  the  two  above  mentioned, 
namely,  certainty  of  obtaining  the  record  when  the 
projectile  passes.  Failure  to  do  so  necessitates  the 
firing  of  an  extra  round,  sometimes  at  a  cost  of  him- 
dreds  of  dollars.  During  the  emergency  there  were 
several  additional  requirements.  The  apparatus  had 
to  fulfill  the  demand  of  giving  good  results  day  after 
day,  under  all  conditions  of  weather,  and  this  in  the 
hands  of  operators  without  technical  training. 

It  was  recognized  in  the  early  summer  of  1917  that 
when  deliveries  of  the  immense  quantities  of  ammuni- 
tion contracted  for  by  the  government  would  com- 
mence, the  matter  of  making  the  necessary  velocity 
tests  quickly  and  accurately  would  prove  an  embar- 
rassing problem.  The  existing  chronographs,  of  the 
Bouleng^  pattern,  were  limited  in  number,  and  manu- 
facture of  enough  of  these  instruments  in  time  to  meet 
the  situation  was,  because  of  their  mechanical  com- 
plexity, out  of  the  question.  In  order  to  represent 
adequately  what  the  problems  were  and  how  they 
were  met,  we  shall  first  make  brief  mention  of  some 
of  the  characteristics  of  the  Bouleng^  chronograph. 
A  fuller  description  is  contained  in  War  Department 
Circular  No.  1682,  and  in  the  5th  edition  of  Foster's 
Handbook,  page  1128. 

In  all  the  various  practical  instruments  devised  for 
velocity  determinations,  the  measurement  is  that  of 
the  time  interval  required  by  the  projectile  to  traverse 
a  measured  section  of  its  path.  With  the  Bouleng6 
chronograph,  this  section  is  included  between  two 
wire  screens,  the  breaking  of  which  by  the  projec- 
tile actuates  the  recording  mechanism.  The  latter 
utilizes  two  electromagnets,  each  in  series  with   one 


1920)         P.  E.  KLOPSTEG  AND  A,  L.  LOOMJS  339 

of  the  respective  screens.  These  magnets,  by  virtue 
of  the  current  through  them  so  long  as  the  screens  are 
intact,  support,  respectively,  a  rod  to  receive  the 
record,  and  a  weight,  to  release  a  marking  "knife" 
by  falling  upon  a  trigger.  The  rod  and  weight  are 
intended  to  fall  freely  under  the  action  of  gravity. 
The  origin  of  readings  on  the  rod  is  the  mark  made 
by  the  knife  when  the  rod  is  suspended.  A  simul- 
taneous break  of  circuits  of  the  two  magnets,  produced 
by  a  device  called  a  disjunctor,  produces  a  second 
mark,  somewhat  higher  up,  which  represents  the 
time  required  by  the  instrument  to  function.  When 
the  projectile  is  fired  through  the  screens,  it  breaks, 
first,  the  circuit  of  the  magnet  supporting  the  rod, 
then  that  of  the  circuit  supporting  the  weight,  thus 
making  a  third  mark,  still  higher  up  on  the  rod. 
Measurement  of  the  distances  from  the  origin  of  read- 
ings to  the  two  other  marks  mentioned  gives  the 
data  from  which  the  time  interval  may  be  turned  up 
in  tables.  From  the  interval  so  found,  the  velocity 
is  determined  by  the  usual  formula. 

For  the  sake  of  a  later  comparison,  statements 
should  be  made  as  to  the  accuracy,  and  as  to  the  best 
conditions  for  precision  of  measurement  with  the 
Bouleng^  chronograph.  Cranz  in  his  "Lehrbuch  der 
Ballistik" — which  is  probably  the  most  authoritative 
work  on  ballistics  yet  produced — states  that  a  given 
Boulengd  chronograph  is  capable  of  repeating  its 
reading  of  a  certain  time  interval  to  0.0001  second; 
but  that,  because  of  certain  constant  errors,  which  are 
very  difficult  to  avoid  or  to  determine  with  certainty, 
the  absolute  value  of  the  time  interval  as  measured 
by  the  instrument  is,  at  best,  reliable  to  0.001  second. 
This  statement  is  fully  borne  out  by  experience.  The 
interval  most  favorable  for  precision  of  measurement 
being  about  0.11  to  0.12  second,  the  distance  between 
screens  should  be  variable  so  that  the  distance  best 
suited  to  a  particular  gun  may  be  used.  With  the 
155  mm.  gun,  for  instance,  this  distance  is  200  feet; 
on  account  of  the  blast,  the  first  screen  is  placed  about 
100  feet  from  the  muzzle.  As  a  result,  the  second 
screen  must  be  very  high,  even  with  moderate  eleva- 


340  P.  E.  KLOPSTEO  AND  A.  L.  LOOMIS     [Feb.  19 

tions  of  the  gun.  Thus,  with  an  elevation  of  but 
thirty  degrees,  the  second  screen  must  be  about  176 
feet  above  the  level  of  the  gun.  It  is  needless  to  point 
out,  perhaps,  that  a  movable  screen  support  which 
can  rigidly  hold  a  screen  at  a  height  of  175  feet,  has 
not  yet  been  built.  Even  were  this  possible,  the  time 
consxuned  in  hauling  down  a  screen  from  a  height  of 
175  feet,  repairing  or  replacing  it,  and  hauling  it  up 
again,  would  be  so  considerable  as  to  render  rapidity 
of  testing  quite  impossible.  The  immediate  remedy 
may  be  sought  in  a  greatly  shortened  screen  distance. 
In  this  case,  of  course,  a  more  accurate  recording  in- 
struiftent  would  be  desirable. 

In  addition  to  the  undesirable  feature  of  requiring  so 
much  time  for  replacement,  the  wire  screens  have 
another  serious  drawback,  which  has  repeatedly  been 
mentioned  in  the  writings  of  the  Germans,  the  French 
and  others  upon  the  subject,  and  which  thrusts  itself 
upon  the  attention  of  anyone  making  a  careful  study 
of  them.  This  is  the  very  considerable  uncertainty 
as  to  whether  the  recorded  interval  actually  and  ac- 
curately corresponds  to  the  interval  taken  by  the  pro- 
jectile to  travel  the  measured  distance  between  screens. 
The  uncertainty  is  due  in  part  to  persistence  of  contact 
of  the  wires  with  the  projectile,  even  after  they  are 
broken;  in  part  also  to  the  fact  that  the  instant  of 
break  depends  somewhat  upon  whether  a  wire  is 
squarely  hit  by  the  tip  of  the  projectile,  or  whether 
the  tip  strikes  through  the  screen  between  neighboring 
wires.  It  happens  occasionally — in  spite  of  the  fact 
that  the  wires  are  ordinarily  spaced  about  one-third 
of  a  caliber  apart — that  the  projectile  slips  through 
the  screen  without  breaking  a  wire. 

With  the  idea  of  eliminating  the  wire  screens  as  the 
signaling  end  of  the  Bouleng^  arrangement,  one  of 
the  writers  in  the  summer  of  1917  presented  to  the 
Sandy  Hook  Proving  Ground  a  plan  for  "wireless" 
screens  which  had  occurred  to  him  some  months  be- 
fore, in  connection  with  other  work  upon  the  measure- 
ment of  short  time  intervals  upon  which  he  had  been 
engaged.  Essentially,  a  screen  of  the  type  proposed 
was  to  be  a  mutual  inductance  coil  of  sufficiently  large 
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diameter  to  permit  firing  a  projectile  through  it  with- 
out great  risk  of  injuring  the  windings.  If  a  steady 
magnetic  field  is  set  up  within  such  a  coil  by  a  current 
through  one  of  the  windings,  it  follows  that  any  sudden 
disturbance  of  the  field — ^by  the  passage  of  a  projectile 
of  magnetic  material,  for  example — ^will  produce  a 
corresponding  momentary  electromotive  force  in  the 
other  winding  of  the  coil.  Preliminary  tests  showed 
the  supposition  to  be  correct. 

For  the  purpose  of  developing  this  Idea  into  a  rou- 
tine method,  and  to  work  upon  other  related  problems, 
one  of  the  present  writers  entered  upon  work  at  the 
Sandy  Hook  Proving  Ground  as  Electrical  Engineer 
in  the  Ordnance  Department.  The  preliminary  work 
was  carried  on  at  the  Bureau  of  Standards,  where 
facilities  were  kindly  offered,  and  where  much  splendid 
cooperation  was  given,  particulaFly  by  Dr.  P.  G. 
Agnew  and  Mr.  W.  H.  Stannard.  At  the  same  time 
other  possible  solutions  of  the  problem  of  speeding  up 
the  tests  were  being  considered,  and  apparatus  was 
being  built.  Frequent  trips  were  made  to  Sandy  Hook 
for  field  tests,  which  had  to  be  made  imder  very  ad- 
verse conditions  on  Saturday  afternoons  and  Sundays, 
so  as  not  to  interfere  with  routine  firing. 

The  inductor  scheme  as  partially  developed  was 
put  to  actual  test,  with  very  promising  results;  the 
Bouleng^  chronogfiaph  used  with  two  such  coils  to  all 
appearances  functioned  in  the  same  manner  as  though 
the  projectile  had  broken  the  usual  tjrpe  of  wire  screens. 
Unfortunately  the  work  had  to  be  discontinued  before 
the  development  could  be  considered  through  the  ex- 
perimental stage,  because  of  the  removal  of  the  proving 
ground  from  Sandy  Hook  to  Aberdeen,  Md.  Here 
experiments  with  the  coils  became  prospectively  im- 
possible  for  some  months,  and  the  work  was  concen- 
trated upon  another  device  which  seemed  to  hold 
considerable  promise,  and  with  which  tests  could 
more  readily  be  made.  This  device  had  been  con- 
structed at  the  Bureau  of  Standards  for  the  purpose  of 
recording  signals  produced  by  the  **bow  wave"  of  the 
projectile.  The  instrument  which  was  finally  evolved 
was  called  the  Aberdeen   chronograph.    'WoxW  upotL 
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the  inductor  screens  was  not  resumed  because  tiie 
newly  developed  instruments  met  all  the  needs  which 
necesEdtated  the  development  work,  and  their  rapid 
production,  as  well  as  other  problems  occupied  atten- 
tion until  the  close  of  the  war.  It  has  been  reported 
recently,  however,  that  the  inductor  method  is  being 
applied  with  success  in  England. 


1  — Abekdegn   Chi 

DiRECT-BBADINd    VELOCITY    ScAl 

iNQ  Position. 


Development  of  the  Aberdeen  Chronograph 
The  device  mentioned  in  the  preceding  paragraph 
consisted  of  a  Leeds  &  Northrup  governed  motor,  on 
the  vertical  shaft  of  which  was  mounted  a  flywheel 
with'a  smooth  rim.  A  strip  of  paper  could  be  fastened 
upon  the  rim  to  receive  the  records  produced  by  the 
projectile  when  it  actuated  the  signaling  device.    Up 
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to  this  point  the  instrument  differed  from  previously 
described  ballistic  chronographs  only  in  that  a  con- 
stant speed  motor  was  used.  All  such  chronographs, 
however,  utilized  the  breaking  of  wires  for  the  signals, 
the  interruption  of  the  current  producing  a  spark 
from  a  point  in  close  proximity  to  the  rapidly  revolv- 
ing drum.  In  this  case,  the  recording  system  was 
designed  for  open-circuit  operation,  i.e.,  the  spark  was 
to  occur  when  a  circuit  was  closed  by  the  projectile. 
In  connection  with  such  circuits,  it  had  been  planned 
to  use  automatic  contacts  which  should  close  when 
the  bow  wave  of  the  projectile  impinged  upon ,  them. 
The  task  of  constructing  such  switches  so  that  they 
would  operate  unfailingly  and  under  all  conditions 
proved  formidable.  The  greatest  possible  speed  in 
getting  something  usable  remained  imperative,  and 
the  urgency  became  greater  as  time  passed. 

It  then  occurred  to  one  of  us  to  try  a  new  form  of 
screen,  or  better,  a  form  of  contact  target,  in  which 
contact  should  be  established  mechanically  by  the  tip 
of  the  projectile.  This  target  in  its  simplest  form 
consists  of  a  pair  of  metal  sheets,  of  suitable  thick- 
ness, separated  by  an  insulating  layer.  Experiments 
immediately  demonstrated  the  success  of  such  an 
arrangement.  Thus,  the  recording  mechanism  ar- 
ranged for  *'make"  circuit  signals,  together  with  the 
contact  targets,  became  a  most  promising  basis  for 
further  work  of  development. 

On  March  2,  1918,  a  modified  design  of  the  Mark  I 
instrument*  was  taken  to  the  Leeds  &  Northrup 
Company,  and  on  March  15th  three  of  the  new  Mark 
II  instruments  had  been  completed  and  were  ready 
for  operation  at  Aberdeen.  These  three  instruments 
were  used  daily  m  routine  measurements,  in  a  shanty 
of  rough  boards  on  the  gun  platform,  and  so  successful 
were  they  that  it  was  decided  to  proceed  immediately 
with  the  construction  of  the  instruments  in  quantity. 
A  new  design,  Mark  III,  including  valuable  suggestions 
from  the  manufacturers,  was  worked  out  which,  with 
the  exception  of  minor  details,  became  standard.     In 

*Mark  I,  Mark  II,  etc.,  is  the  War  Department  designation 
of  successively  developed  types  of  ordinance  material. 


M4  P.  B.  KLOPSTEG  J.VD  A.  L.  XJOOMIS     [FMk  19 

these,  of  coune.  the  faohf  revealed  by  experience 
whfa  the  Mark  II  insniiiceiits  wer«  efiminated.  Modi 
experimenting  in  the  labwatcwy  and  onder  serrice 
omditions  was  carried  on  in  the  meantime  oa  both 
the  electrical  and  mechanical  components  of  the  ^h 
paratus.  Several  furJter  improvements  mre  made, 
and  from  this  point  the  production  of  Mark  I\'  Aber- 
deen chronographs  in  lots  of  25  proceeded  witbfmt 
delay. 


An  important  factor  in  the  success  of  the  Aberdeen 
chronoKraph  in  the  emergency,  aside  from  questions 
of  its  excellence  as  an  instrument,  was  the  fact  that 
from  the  time  production  began  until  the  last  instru- 
ment needed  had  been  delivered,  the  average  rate  of 
production  per  working  day  was  one  complete  in- 
strument.   This  became  possible,  even  with  manu- 
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facturing   facilities   already   overtaxed,    because   the 
design  included  many  standard  parts. 

Description  of  Mark  IV  Aberdeen  Chronograph 
Fig.  1  shows  the  chronograph  ready  for  operating, 
and  Fig.  2  is  a  side  elevation,  with  the  case  open  for 
inspection  of  the  circuits.  The  size  of  the  apparatus 
may  be  judged  by  comparison  with  the  12  indi  scale, 
shown  in  the  latter  view.  In  Fig.  3  the  case  of  the 
chronograph  is  shown  closed,  with  the  carrying  handle 
attached. 


The  mechanical  part  of  the  device  is  seen  by  refer- 
ence to  the  photographs  to  consist  of  a  shallow  cylin- 
drical drum  of  aluminum,  mounted  on  the  vertical 
shaft  of  a  small  (110-volt  direct-current)  motor.  On 
the  lower  end  of  the  same  shaft  is  carried  the  constant 
speed  governor,  upon  which  depends,  in  large  measure, 
the  accuracy  of  the  instrument.  It  is  a  development 
of  the  governor  used  in  the  Leeds  &  Northrup  temper- 
ature recorder.  The  function  of  the  governor  is  to 
control  the  power  input  into  the  motor.  Its  modus 
operandi  may  be  understood  by  reference  to  Fig.  6. 
.  A  thorough  analysis  of  the  device  resulted  in  the  de- 
sign illustrated,  which  is  capable  of  holding  the  speed 
so  constant  that  the  mean  deviation  from  avera^K 
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speed,  as  determined  in  repeated  tests  over  a  fixed 
0.2  second  interval,  was  less  than  1/10  per  cent.    An- 
other way  of  representing  this  fact  is  in  showing  the 
results  of  a  series  of  observations.    Taking  100  meas- 
urements of  a  0.2  second  interval,  62  were  within  0.04 
pef  cent  of  average  speed;    70  within  0.05  per  cent; 
77  within  0.06  per  cent;  95  within  0.07  per  cent;  97 
within  0.08  per  cent;  and  100  within  0.09  per  cent. 
In  these  measurements,  therefore,  it  is  safe  to  assimie 
a  maximimi  probable  error  of   ±0.1  per  cent.    A 
speed  of  25  rev.  per  sec.  is  thus  maintained;     the 
method  for  checking  this  value  will  be  described  later. 
A  specially  prepared  strip  of  paper  receives  the 
record  marks.    The  paper,  which  is  blue,  has  a  thin 
coating  of  white  paraffin  on  one  side.    When  a  spark 
passes  through  the  paper,  it  not  only  perforates  the 
latter,  but  also  melts  a  tiny  bit  of  the  paraffin,  leaving 
a  bright  blue,  easily  distinguishable  spot.    The  width 
of  the  strip  is  equal  to  the  depth  of  the  cylindrical  drum, 
and  its  length  to  the  inner  circumference  of  the  drum. 
It  is  held  in  position  very  firmly  against  the  smooth 
innersurfaceof  thedrum,  on  account  of  the  rapid  rota- 
tion of  the  latter.    By  this  arrangement,  much  saving 
of  time  is  effected,  since  the  record  strip  may  be  easily 
inserted  in  the  drum,  and,  with    a    little   practise, 
removed  while  the  motor  is  running  at  full  speed.  With 
the  speed  mentioned,  and  an  inner  circumference  of 
the  drum  of  500  mm.,  the  paper  strip  is  given  a  linear 
speed  of  12,500  mm.  per  second.    Thus  a  very  open 
and  uniform  time  scale  is  secured.    Three  spark  points 
(Fig,  6),  in  the  same  vertical  line,  are  held  within  1 
mm.  of  the  record  strip  by  an  insulating  block.     A 
spring  latch  holds  the  points  either  in  the  recording 
position  or  at  some  distance  from  the  paper. 

Reference  to  Fig.  6  shows  that  one  of  the  electrical 
spark-recording  units  consists  essentially  of  a  con- 
denser, and  the  primarj^  of  a  transformer,  both  in  a 
circuit  with  the  contact  target.  Up  to  the  instant  of 
firing,  the  condenser  is  kept  charged  through  high  re- 
sistances, from  the  supply  line  which  furnishes  the 
power  for  the  motor.  The  supply  line  of  110- or  220- 
volts  direct  current,  is  connected  at  AB.    When  the 
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tip  of  the  projectile  strikes  the  target,  contact  is  es- 
tablished between  the  plates,  and  a  discharge  passes 
through  the  transformer  resulting  in  a  spark  from  the 
corresponding  recording  point.  The  main  condenser 
has  a  capacity  of  10  micro-farads.     Later  work  showed 


Via.  4— FallApparatusfohVehifi 
iNo  Accuracy  and  Con8Tancy  o 
MoToii  Spbbd 


that  an  auxiliary  condenser  of  6  microfarads,  con- 
nected in  parallel  with  the  plates  of  the  contact  target, 
greatly  intensified  the  spark.  The  complete  circuits 
are  shown  in  the  diagram.  Three  recording  units 
were  provided,  as  shown.  Normally  two  only  were 
used,  the  third  being  for  emergency,  or  for  use  in  cases 
where  average  velocity  values  over  two  adjacent  sec- 
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tions  of  the  trajectory  were  to  be  determined  on  the 
same  instrument. 

A  ready  means  for  verifying  the  speed  of  the  rota- 
ting drum  is  essential,  to  give  the  operator  confidence 
in  the  performance  of  his  instrument  if  for  no  other 
purpose.  If  we  could,  in  some  manner,  produce  two 
sparks,  separated  by  an  accurately-known  short  in- 
terval of  time,  we  should  have  a  ready  means  for 
checking  the  accuracy  and  constancy  of  the  motor 
speed.  A  device  which  could  be  utilized  for  this  pur- 
pose had  previously  been  worked  out  in  connection 
with  psychological  time  measurements.*  This  is  a 
"fall  apparatus,"  the  modified  form  of  which  for 
use  with  this  chronograph  is  seen  in  Fig.  1,  and  shown 
in  detail  in  Fig.  4.  A  3^-inch  steel  ball  A  rests  upon 
a  spring-supported  horizontal  lever  B.  When  the 
counterpoised  hammer  C  which  is  under  spring  ten- 
sion is  released,  it  strikes  the  end  of  the  lever  a  smart 
blow,  knocking  it  clear  of  the  ball.  At  the  instant  of 
striking,  the  contact  between  the  hammer  and  lever 
produces  a  spark  from,  say,  the  uppermost  spark 
point  in  the  drum.  Simultaneously  the  ball  begins 
to  fall.  When  it  reaches  the  bare  wire  jD,  held  on  an 
insulated  post,  it  makes  a  wiping  contact  with  the 
latter,  and  then  touches  the  tungsten  plate  E,  between 
which  and  the  wire  it  closes  the  second  circuit.  At 
the  instant  contact  is  made  at  E,  a  second  spark  jumps, 
say  from  the  next  lower  spark  point.  Obviously  we 
may  adjust  with  great  exactness  the  distance  between 
the  lowermost  point  on  the  ball,  when  it  is  in  position 
on  the  upper  lever,  and  the  plate  E,  so  that  the  time 
of  fall  between  these  two  points  is  0.2  second.  This 
corresponds  to  five  revolutions  of  the  drum.  If  the 
speed  of  the  latter  is  correct,  two  marks  will  be  found 
upon  the  strip,  one  directly  above  the  other.  With 
slightly  higher  or  lower  speed  than  the  correct  value, 
the  two  marks  will  be  displaced  with  reference  to  each 
other.  From  the  amount  of  this  displacement  the  con- 
stant error  in  speed  becomes  easily  known.  Thus,  when 
the  fall  apparatus  is  kept  permanently  connected  as 
shown  in  Fig.  1,  it  is  a  simple  matter  at  any  time  dur- 

*Elop8teg»  Journal  oj  Experimental  Psychology ^  II,  253,  1917. 
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ing  the  course  of  the  day  to  calibrate  the  chronograph. 
In  practise,  the  speed  remained  so  constant  in  a  day's 
run  that  cahbrations  were  made  only  two  or  three 
times  during  the  day. 

Fifty  feet  was  chosen  as  the  standard  distance  be- 
tween targets  for  all  velocities  from  500  to  2500  feet 
per  second.  With  a  fixed  distance  between  the  con- 
tact targets,  and  fixed  speed  and  dimensions  of  the 
drum,  there  is  a  one-to-one  correspondence  between 
distance  between  record  marks  and  velocity.  Thus 
it  becomes  possible  to  construct  a  direct-reading  scale 
for  velocities  which  is  suitable  for  all  the  values  be- 
tween the  limits  mentioned.  The  scale  was  so  de- 
signed that,  when  the  shot  was  fired,  regardless  of  the 
relative  positions  between  the  spark  points  and  the 
abutting  ends  of  the  record  strip,  the  velocity  readings 
could  be  made  without  possibility  of  mistake.  The 
scale  is  shown  in  Fig.  1,  and  again  in  the  photograph  of 
the  accessories  case  (Fig.  5).  This  picture  also  i^ows 
the  fall  apparatus  taken  apart  and  in  the  case. 

In  its  contact  target  arrangement,  already  described, 
the  Aberdeen  chronograph  is  unique  among  the  bal- 
listic chronographs.  The  fact  that  the  recording 
spark  occurs  when  the  tip  of  the  projectile  establishes 
contact  between  the  metal  plates  has  the  consequence 
that  the  otherwise  great  uncertainty  in  the  distance  be- 
tween the  points  at  which  the  signals  occurred  is  prac- 
tically eliminated.  It  may  here  be  repeated  that  such 
uncertainty  is  probably  the  chief  point  of  weakness,  so 
far  as  accuracy  is  concerned,  in  the  ordinary  wire 
screens  used  with  the  Bouleng^  chronograph.  That 
such  errors  are  truly  minimized  with  the  contact 
targets  is  shown  by  the  fact  that  the  distance  between 
targets  could  be  reduced  to  25  or  30  feet  without  seri- 
ously affecting  the  agreement  among  several  instru- 
ments measuring  the  same  time  interval. 

Procedure  in  Velocity  Measurements 

The  application  of  the  Mark  IV  chronographs  to 
velocity  measurements  in  such  a  way  as  to  secure  the 
data  with  minimum  loss  of  time  was  in  itself  a  devel- 
opment problem.  Three  instruments  were  used  with 
the  same  pair  of  contact  targets,  and  the  ob^exvaWox^ 
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were  independently  made  and  entered  in  the  data 
book  by  three  respective  observers.  The  averages 
were  then  entered  in  a  fourth  book,  together  with  the 
necessary  accompanying  data  as  to  the  gun,  kind  of 
projectile,  etc. 

The  contact  targets  were  made  up  beforehand  in 
quantity.  For  the  three-inch  guns  they  consisted  of  lead 
foil  strips  about  3-in,  by  12-in.  which  were  attached  with 
hot  paraffin  to  the  opposite  sides  of  a  sheet  of  para- 


ffined building  paper  5-in.  by  17-in.  Much  of  the 
routine  firing  was  done  with  constant  elevation  of  the 
guns,  so  that  permanent  supports  for  the  screens 
could  be  used.  These  supports  consisted  of  uprights, 
each  of  which  had  two  cross-arms  at  the  proper  height, 
extending  out  on  one  side.  The  lower  cross-arm  was 
provided  with  a  spring  clamp,  on  the  insulated  inner 
surfaces  of  the  jaws  of  which  there  were  contact  buttons 
which  made  connections  with  the  lead  foil  sheets. 
The  upper  arm  also  carried  a  clamp  which  supported 
the  contact  target  in  a  vertical  position,  and  between 
'\e  two  clamps  the  target  was  held  with  sufficient  firm- 
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ness  to  prevent  its  being  moved  appreciably  by  the 
wind.  From  the  contact  buttons  on  the  lower  clamp, 
wires  were  run  in  conduit  to  the  instrument  building, 
just  behind  the  gun  platform. 

In  undertaking  a  series  of  measurements,  the 
motors  are  started  running,  and  their  constancy 
and  accuracy  of  speed  verified  by  a  test  with  the  fall 
apparatus.  In  the  meantime,  the  gun  is  made  ready 
and  the  contact  targets  put  in  place.  The  strips  on 
which  the  "check  records"  are  made  are  removed, 
and  clean  strips  spun  into  the  drum.  The  instruments 
may  then  continue  to  run  ad  libitum  until  the  shot 
is  fired.  The  motor  switch  button  is  then  turned  off, 
the  strip  with  the  velocity  record  removed  and  a  new 
one  inserted.  (All  strips  are  marked  beforehand  for 
proper  identification).  With  the  direct  reading  veloc- 
ity scale,  the  velocity  is  read  directly  from  the  strip, 
and  entered  in  the  record  book.  The  proper  correc- 
tion figure  for  "reduction  to  muzzle"*  and  for  motor 
speed  is  added,  and  the  corrected  reading  put  down. 
All  this  is  about  a  half  minute's  work.  In  the  mean- 
time, the  detail  of  men  outside  has  replaced  the  screens 
and  reloaded  the  piece,  and  the  next  shot  may  be  fired. 
In  this  manner  velocities  could  be  measured  at  an 
average  rate  of  one  round  per  forty-five  seconds,  or 
from  three  to  five  times  as  rapidly  as  by  the  older 
method.  The  advantage  of  speed  of  measurement 
is  indicated  by  the  fact  that,  although  the  Aberdeen 
Proving  Ground  was  not  established  until  January, 
1918,  and  the  new  chronographs  were  not  put  in  regu- 
lar service  until  June,  seventy  per  cent  of  all  velocity 
measurements  made  at  the  Aberdeen  Proving  Ground 
before  the  cessation  of  hostilities,  were  made  with 
Aberdeen  chronographs. 

A  comparison  of  the  two  types  of  chronographs, 
Bouleng^  and  Aberdeen,  brings  out  clearly  the  fact 
that  the  former  is  distinctly  a  laboratory  instrument, 
requiring  a  very  stable  foundation  at  a  minimum  dis- 

*By  "reduction  to  muzzle"  is  meant  the  process  of  transform- 
ing the  observed  velocity  to  that  which  obtained  at  the  muzzle, 
on  the  assumption  that  the  projectile  experienced  uniform  re- 
tardation from  the  instant  it  left  the  gun. 
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tance  of  several  hundred  yards  from  the  gun  platform, 
while  he  latter  is  a  field  instrument,  which  may  be 
and  is  being  used  immediately  behind  the  gun  plat- 
form; or  it  may  be  set  upon  the  groimd  as  near  the 
gun  as  may  seem  desirable.  Proximity  to  the  gun 
does  not  affect  the  records.  The  facts  previously 
mentioned  with  reference  to  the  two  types  of  instru- 
ments may  already  have  suggested  that,  while  it  takes 
skilled  operators,  who  are  thoroughly  familiar  with 
the  sources  of  error  in  the  Bouleng^  and  how  to  avoid 
them,  to  get  acceptable  results,  the  Aberdeen  chrono- 
graph has  from  the  outset  been  successfully  used  by 
operators  who  had  had  no  previous  training;  they 
were  enlisted  men,  taken  from  the  ranks. 

Many  competitive  tests  as  to  accuracy  were  made 
during  the  process  of  development,  measuring  the 
velocity  of  the  same  projectile  with  a  set  of  three 
Bouleng6  and  a  set  of  three  Aberdeen  chronographs. 
Average  dispersions*  for  twenty  rounds  were  com- 
puted for  many  series  of  firings.  Invariably  the  aver- 
age dispersion  with  the  Bouleng^  chronograph  was 
from  two  to  four  times  as  great  as  with  the  Aberdeen. 
In  routine  firings,  the  three  Aberdeen  chronographs 
agreed  within  one  or  two  feet  per  second  on  a  velocity 
of  1700  feet  per  second,  and  only  rarely  did  the  maxi- 
mum dispersion  at  this  value  become  as  great  as  5 
feet  per  second. 

One  source  of  gratification  is  the  fact  that  in  spite 
of  the  "momentum  of  custom" — a  phrase  borrowed 
from  a  recent  article  upon  the  subject — the  Aberdeen 
chronograph  was  one  of  the  few  devices  developed 
under  the  pressure  of  necessity,  which  was  fortunate 
enough  to  find  a  place  in  actual  service  of  the  govern- 
ment, and  to  play  an  important  part  in  increasing  the 
eflBciency  of  the  immense  program  of  preparation 
which  was  so  well  under  way  when  the  armistice  put 
an  end  to  the  hostilities. 


*By  dispersion  is  meant  the  maximum  difference  between 
any  two  of  the  three  instruments  used.  The  average  dispersion 
is  the  sum  of  the  dispersions  divided  by  the  number  of  rounds. 
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Discussion  on  'The  Measurement  of  Pro- 
jectile Velocities"  (Klopsteg  and  Loomis), 
New  York,  N.  Y.,  February  19,  1920. 

E.  E.  F.  Creighton:  There  are  some  questions 
that  come  up  that  possibly  may  not  be  quite  in  line  with 
the  paper,  but  perhaps  Mr.  Klopsteg  would  be  willing 
to  answer  them.  First,  in  regard  to  the  velocity  of 
the  projectile  inside  the  gun — are  those  instruments 
adapted  to  such  measurements?  Since  in  all  photo- 
graphs we  have  seen  the  projectiles  are  ahead  of  the 
gases,  why  is  it  necessary  to  move  the  screen  out 
about  100  feet  to  get  rid  of  the  effect  of  the  gases? 

Another  question  is  in  regard  to  the  bow  wave — can 
the  bow  wave  break  the  screen  wires,  and  does  the 
factor  of  wire  drawing  enter  into  the  problem?  If 
the  projectile  can  pass  between  wires  that  are  less 
than  the  caliber,  that  means  the  wires  are  slipped 
aside  without  breaking.  Would  it  not  be  quite  possible 
to  have  considerable  wire  drawing  without  breaking 
the  wire  at  the  time  the  projectile  passed  through. 

Regarding  the  insulation  between  the  two  plates — 
to  me  it  is  an  entirely  new  way  of  making  contact. 
If  a  paper  was  placed  between  the  two  plates,  how 
could  the  contact  be  made  permanent?  Would  not 
the  insulation  remain  between  the  two  plates? 

Regarding  the  absolute  time — it  must  be  evident 
to  all  of  those  who  handle  instruments  that  the  relative 
time  of  making  contact  would  be  extremely  accurate, 
but  there  enters  into  the  time  between  the  contact  and 
the  spark  a  certain  time  element  in  the  inductance  of 
the  circuit. 

Clayton  H.  Sharp :  Once  in  the  course  of  business 
a  problem  came .  to  me  to  determine  the  relative 
velocities  of  flight  of  different  kinds  of  golf  balls.  The 
question  was  the  effect  of  the  character  of  the  rubber 
core  in  the  golf  ball.  This  introduced  some  of  the 
problems  of  projectile  flight.  In  the  first  place,  of 
course,  it  was  necessary  to  hit  the  balls  a  uniform 
blow.  An  attempt  was  made  to  do  that  by  taking 
a  d-c.  motor  and  putting  the  equivalent  of  a  golf 
club  on  the  face  of  a  pulley  on  the  end  of  the  motor. 
The  club  was  arranged  to  slide  longitudinally  in  guides 
and  had  two  positions  corresponding  to  slightly  dif- 
ferent circles  of  swing,  and  was  pulled  by  a  spring  from 
the  ''in"  position  to  the  "out"  position.  In  the  "in" 
position  the  club  cleared  the  golf  ball  which  was  set 
up  on  a  tee.  With  the  motor  in  operation  a  trigger 
could  be  tripped  allowing  the  club  to  go  to  the  "out" 

Eosition  and  to  strike  the  ball.    The  strength  of  the 
low  depended  on  the  linear  velocity  of  the  head  of 
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the  club  which  could  be  computed  from  the  radius 
and  the  rev.  per  min.  of  the  motor. 

The  ball  passed  through  two  wire  screens  quite 
close  together.  In  order  to  measure  the  time  we  took 
a  sjmchronous  motor  and  put  a  wooden  pulley  on  it, 
and  put  a  circular  chart  on  the  end  of  the  pulley.  An 
electromagnet  connected  up  with  the  screens  and 
actuating  a  stylus  on  the  chart  left  a  record  of  the 
times  of  passage  through  the  screens.  It  had  to  be 
done  indoors,  with  a  limited  space,  and  did  not  succeed 
quite  as  well  as  we  might  have  wished,  but  at  least 
it  was  the  application  of  the  principle  of  constantly 
driven  motor  to  the  measurement  of  very  short  time 
intervals. 

Roy  Kegerreis:  About  the  blast  reaching  the 
screen  before  the  projectile;  the  problem  of  the  Helm- 
holtz  sound  resonator  is  somewhat  the  same.  If  one 
calculates  anything  about  that  it  is  necessary  to  cal- 
culate the  magnitude  and  direction  of  the  velocity  of 
each  particle  of  air  at  every  point,  both  within  and 
without  the  hollow  spherical  resonator.  That  problem 
has  been  solved  and  leads  to  a  pretty  complicated 
sort  of  mathematics.  Somewhat  the  same  thing 
happens  in  the  case  of  the  gun. 

A  rough  concept  of  the  action  of  the  blast  before 
the  gun  may  be  had  by  imagining  a  row  of  blocks 
set  up  rather  near  to  each  other.  If  the  ope  at  the 
end  were  pushed,  the  next  would  soon  move,  and  the 
next,  and  so  on  until  a  large  number  of  blocks  would 
be  pushed  ahead,  the  number  of  moving  blocks  being 
ever  on  the  increase. 

The  force  which  the  gases  from  the  gun  exert  mav 
be  compared  to  the  force  which  pushes  the  first  block 
and  the  moving  blocks  may  be  compared  to  the  air 

J)articles  before  the  gun.  This  shows  why  the  actual 
ront  of  the  compression  wave  may  be  ahead  of  that 
shown  on  a  photograph,  since  the  compressed  air  before 
the  products  of  combustion  from  the  gun  is  so  nearly 
transparent. 

P.  E,  Klopsteg:  We  made  no  tests  to  determine 
projectile  velocities  inside  the  gun.  The  primary 
effort  in  this  development  work  was  to  secure  a  device 
which  would  quickly  and  accurately  measure  the 
external  velocity,  and  the  work  was  carried  on  con- 
stantly with  that  in  view.  It  was  never  considered 
feasible  to  adapt  this  device  to  measuring  the  ex- 
tremely short  intervals  involved  in  the  velocities  inside 
the  bore. 

The  Bureau  of  Standards,  however,  has  been  carry- 
ing on  very  extensive  and  elaborate  investigations 
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for  the  Navy  Department,  using  an  oscillograph  driven 
at  very  high  speed,  something  like  ten  meters  a  second, 
for  making  determinations  of  that  kind. 

The  effect  of  the  blast  is  merely  this.  Although  in 
the  photograph  the  projectile  is  always  shown  ahead  of 
the  blast,  it  has  been  shown  very  clearly  that  at  the 
instant  the  projectile  leaves  the  muzzle,  some  of  the 
blast  does  get  ahead  of  the  projectile  for  a  short 
distance,  and  that  the  projectile  is  then  actually 
accelerated  by  the  pressure  of  the  blast  behind  it.  for 
a  distance  of  some  few  feet  after  it  leaves  the  bore 
of  the  gun.  However  that  may  be,  the  blast  from  the 
large  gun  does  continue  along  after  the  projectile  has 
left,  and  if  the  first  screen  was  not  placed  far  enough 
away,  the  blast  might  do  damage  to  the  screen  support 
rather  than  the  wires. 

As  to  the  effect  of  the  bow  wave  on  the  breaking  of 
wires,  I  am  unable  to  answer  the  question,  and  to  the 
question  as  to  whether  there  is  wire  drawing,  I  am 
unable  to  give  a  definite  answer. 

The  effect  of  the  projectile  going  through  the  screen 
without  breaking  the  wires  was  observed  in  work  on 
the  37  mm.  gun,  which  required  a  screen  made  of 
fine  wires  very  close  together.  These  wires  were 
woven  back  and  forth  between  two  pieces  of  paper 
glued  together,  and  it  was  just  a  curious  happening 
that  in  one  or  two  cases  the  projectile  got  through 
one  of  the  two  screens  without  breaking  the  wires. 

The  insulation  between  the  two  plates  need  not  be 
very  high.  As  I  attempted  to  show  in  the  diagram 
of  connections,  the  condenser  is  permanently  charged 
from  the  line,  and  since  the  plates  are  in  parallel  with 
the  condenser,  the  plates  are  also  permanently  charged 
from  the  line,  through  a  high  resistance.  The  passage 
of  the  spark  requires  only  a  momentary,  not  a  perma- 
nent contact.  This  makes  possible  the  arrangement 
used  in  the  fall  apparatus,  such  that  when  the  hammer 
comes  around  and  hits  the  lever  a  blow  there  is  only 
a  momentary  contact,  causing  the  spark  to  jump. 
With  the  contact  targets,  in  most  cases  it  is  found  that 
there  is  no  contact  between  the  perforated  plates 
after  the  projectile  has  passed. 

As  to  relative  and  absolute  time,  the  accuracy  of 
the  measurements  for  the  Aberdeen  chronograph 
depended  on  the  accuracy  of  the  fall  device.  If  we 
want  to  measure  to  accuracies  of  a  few  hundredths  of 
a  per  cent,  rather  than  tenths  of  a  per  cent,  then  we 
must  know  accurately  the  acceleration  due  to  gravity 
and  make  allowance  for  it.     In  the  use  of  the  fall 
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apparatus,  as  nearly  as  we  could  determine  with  all 
the  experimental  facilities  we  had,  the  same  interval, 
within  0.00005  second,  was  required  for  the  ball  to 
fall  a  given  distance  from  the  upper  to  the  lower  con- 
tact point,  and  operate  the  contacts. 

As  regards  the  time  lag  between  the  passage  of 
the  spark  and  the  contact  at  the  projectile,  the  accuracy 
of  the  arrangement  is  assured  by  the  similarity  of  the 
two  circuits.  One  may  assume,  I  think,  that  if  a  lag 
takes  place  at  the  first  screen,  there  will  be  an  equal 
lag  at  the  other.  That  was  assumed  all  through  the 
measurements,  and  the  results  indicated  that  the 
measurements  were  giving  satisfactory  values. 

C,  H,  Sharp:  Could  not  the  drum  speeds  be 
accurately  calibrated  by  making  it  in  the  form  of 
siren,  and  blowing  through  it,  or  matching  it  up  against 
a  tuning  fork? 

P.  E.  Klopsteg :  Yes,  it  could.  Again,  the  reason 
for  not  going  to  a  more  complicated  arrangement  for 
this  purpose  was  that  it  was  necessary  in  many  cases 
to  use  the  apparatus  in  the  field,  and  laboratory  de- 
vices of  that  kind  could  not  be  handled  by  unskilled 
men.  We  had  considered  at  one  time  driving  the 
drum  with  a  shunt-wound  d-c.  motor,  so  wouna  and 
supplied  with  a  source  of  current  such  that  it  would 
run  at  approximately  normal  speed,  and  then  to  mount 
the  rotor  of  a  synchronous  motor  on  the  same  shaft. 
The  auxiliary  synchronous  motor  could  be  driven  by 
means  of  a  tuning  fork,  thus  regulating  the  speed  very 
precisely.  That  was  given  up  as  a  complicated  and 
unnecessary  labor.  The  device  used  was  found  in 
practice  to  give  all  the  accuracy  desired. 

C,  H.  Sharp:  Regarding  the  Bouleng^  chrono- 
graph, the  thought  strikes  me,  at  least,  of  its  being  a 
cumbersome  and  awkward  and  indefensible  device. 
Why  is  it  that  it  has  been  so  generally  accepted  in 
ballistics? 

P.  E.  Klopsteg:  That  is  diflBcult  to  answer.  One 
reason  is  that  all  military  men  grew  up  with  the 
Bouleng6  chronograph,  and  it  is  a  case  of  "momentum 
of  custom,"  as  I  have  indicated  in  the  paper,  which 
keeps  it  going.  There  is  presumably  a  psychological 
reason  for  it — a  false  assurance,  perhaps,  brought 
about  by  the  knowledge  that  wnen  the  rods  hang, 
the  two  circuits  are  intact,  and  when  the  rods  fall, 
the  circuits  are  broken.  The  fact  is  too  often  over- 
looked that  the  Bouleng^  chronograph,  although  it 
is  an  instrument  which  when  properly  installed  will 
seldom  fail  to  give  a  record  of  some  kind,  it  is  neverthe- 
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less  a  delicate  measuring  instrument,  the  successful 
operation  of  which  requires  not  only  great  care  but 
considerable  manipulative  skill  and  a  knowledge  of 
all  the  possible  sources  of  error.  Judging  from  publica- 
tions prior  to  1915,  it  appears  that  the  German  authori- 
ties have  conflicting  views  on  the  reliability  of  the 
Boulengd  chronograph. 


Presented  at  the  Slh  Midwinter  Convention  of  the 
American  InstittUe  of  Electrical  Engineers, 
New  York,  February  20,  1920. 
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A  NEW  FORM  OF  VIBRATION 
GALVANOMETER 


BY  P.  G.  AGNEW 

Secretary.  American  Engineering  Standards  Committee 


Vibration  galvanometers  are  very  useful  in  null 
measurements,  but  have  not  been  much  used  in 
industrial  laboratories  on  account  of  their  being 
sensitive  to  external  vibrations  and  requiring  delicate 
adjustments.  The  present  instrument,  which  has  a 
sensitivity  higher  than  other  forms  of  the  moving-iron 
type,  but  less  than  that  of  the  most  sensitive  forms  of 
the  moving-coil  type,  has  the  advantages  of  sturdiness. 
quick  responsiveness,  and  freedom  from  the  effects  of 
external  vibration.  It  consists  essentially  of  a  fine 
steel  wire,  mounted  on  one  pole  of  a  permanent  magnet, 
and  so  arranged  that  the  free  end  of  the  wire  may 
vibrate  between  the  poles  of  an  electromagnet  througn 
which  the  current  to  be  detected  passes. 


THE  vibration  galvanometer  is  a  very  useful  in- 
strument in  alternating-current  measurements 
where  null  methods  can  be  used  as,  for  example, 
in  an  almost  endless  variety  of  bridge  measurements, 
in  various  applications  of  the  alternating-current  po- 
tentiometer, and  in  testing  instrument  transformers. 
As  in  the  case  of  direct-current  galvanometers,  there  are 
two  general  types  of  vibration  galvanometers,  the  mov- 
ving-coil  type  and  the  moving-iron  type.  In  each 
type  the  moving  element  is  mechanically  tuned  so 
that  its  natural  period  is  the  same  as  that  of  the  alter- 
nating electromagnetic  forces  produced  by  the  current 
to  be  detected,  thus  using  the  principle  of  resonance  to 
produce  a  relatively  large  motion  for  a  very  small 
current.^ 

The  reading  is  usually  made  by  observing  the  image 
of  an  electric  lamp  filament  reflected  in  a  very  small 
mirror  attached  to  the  moving  system,  by  means  of  a 

1.  For  a  general  discussion  of  vibration  galvanometers,  see: 
Laws*  Electrical  Measurements,  1917,  p.  434;  F.  Wenner, 
Trans.  Am.  Inst.  Elec.  Engineers,  31,  p.  1243;  F.  Wenner,  BiM. 
Bureau  of  Standards,  6,  p.  347,  1910;  A.  Campbell,  Proc,  Phyaiccd 
Society  of  London,  26,  p.  120,  1914. 
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telescope,  or  by  a  projection  upon  a  screen.  When 
current  passes  through  the  instrument  the  vibration 
of  the  moving  element  causes  the  image  of  the  filament 
to  appear  to  broaden  out  into  a  band. 

It  is  evident  that  a  vibration  galvanometer  of  either 
type  is  simply  a  specialized  form  of  synchronous  motor, 
the  whole  mechanical  output  of  which  is  used  in  over- 
coming air  friction  and  elastic  hysteresis. 

The  vibration  galvanometer  has  been  used  but  little 
in  industrial  laboratories,  its  principal  use  being  in 
physical  laboratories,  and  principally  in  precision  work. 
The  chief  reasons  for  this  limited  use  are  that  it  is 
easily  disturbed  by  external  mechanical  vibrations, 
and  that  delicate  adjustments  are  necessary.  In  the 
present  form  of  instrument  these  difficulties  are  greatly 
reduced.  It  is  not,  however,  as  sensitive  as  some  forms 
of  the  moving-coil  type. 

Prin<:iple  of  Operation.  The  present  instrument  is 
of  the  moving-iron  type.  It  consists  essentially  of  a 
fine  steel  wire,  mounted  on  one  pole  of  a  permanent 
magnet,  and  so  arranged  that  the  free  end  of  the  wire 
may  vibrate  between  the  poles  of  an  electromagnet 
through  which  the  current  to  be  detected  passes.  If 
an  unmagnetized  steel  wire,  W,  is  held  near  the  pole 
of  an  electromagnet,  as  in  Fig.  1,  the  end  of  the  wire 
will  be  pulled  toward  the  pole  of  the  electromagnet 
during  each  half  wave  of  the  current  flowing  in  the  wind- 
ing of  the  electromagnet.  That  is,  the  wire  will  vibrate 
with  twice  the  frequency  of  the  current.  If  the  wire 
be  magnetized  by  mounting  it  on  the  pole  of  a  perma- 
nent magnet,  the  free  end  of  the  wire  will  be  alternately 
attracted  and  repelled  by  the  alternating  flux  of  the 
electromagnet.  That  is,  the  wire  will  vibrate  with 
the  same  frequency  as  that  of  the  current.  But  what 
is  of  more  importance,  the  alternating  mechanical  pull 
will  be  very  much  greater  than  with  an  unpolarized 
wire,  since  the  total  flux  from  the  wire  is  much  greater. 

The  permanent  magnet  plays  the  same  role  in  in- 
creasing the  motion  of  the  wire  that  the  permanent 
magnet  in|a  telephone  receiver  does  in  increasing  the 
motion  of  the  diaphragm.  The  total  pull  varies  as 
B^  and  the  change  in  the  pull  varies  as  the  change  in 
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B*  resulting  from  the  alternating  current.  Hence  if 
a  given  small  alternating  current  produces  a  change  in 
flux,  /B,  the  alternating  mechanical  pult  is  propor- 
tional to  BjB,  instead  of  to  IB^,  as  it  would  be  if  the 
wire  were  not  polarized  by  the  permanent  magnet. 

Fig.  2  shows  one  of  the  first  arrangements  experi- 
mented with.  A  small  electromagnet  is  mounted  on 
the  inside  pole  face  of  the  permanent  magnet,  and 
the  fine  wire  vibrator  on  the  opposite  pole  face.  The 
operation  is  readily  seen.    During  one  half-cycle  the 
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flux  from  the  pole  tip  A  is  slightly  strengthened,  and 
that  through  B  is  weakened.  Hence  the  vibrator 
moves  toward  A.  During  the  next  half-cycle  the  con- 
ditions are  reversed  and  the  vibrator  moves  toward  B, 
and  so  on. 

Considering  the  arrangement  as  a  motor,  it  is  easy 
to  see  how  the  back  electromotive  force  is  generated. 
If  the  vibrator  is  moved  back  and  forth  by  mechanical 
means,  magnetic  lines  of  force  from  the  end  of  the  vi- 
brator move  back  and  forth  between  A  and  B,  alter- 
nately increasing  and  decreasing  the  flux  in  each,  and 
thus  generating  an  alternating  electromotive  force  in 
the  winding. 

The  vibrator,  which  is,  of  coiu-se,  mechanically  tuned 
so  that  its  period  is  the  same  as  that  of  the  ciurent  to 
be  detected,  is  observed  by  a  microscope  mounted  per- 
pendicular to  the  plane  of  the  paper  and  focused  on 
the  end  of  the  vibrator.    In  this  way  a  much  smaller 
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motion  can  be  detected  than  is  possible  with  the  unaided 
eye. 

During  a  set  of  experiments  undertaken  in  order  to 
determine  optima  of  conditions,  such  as  size  and  shape 
of  electromagnet,  shape  of  pole  tips,  length  of  gap, 
and  distance  between  end  of  vibrator  and  pole  tips, 
an  interesting  observation  was  made.  As  a  limiting 
case,  the  air  gap  of  the  electromagnet  was  reduced 
to  zero  by  using  a  closed  core  as  shown  in  Fig.  3.  Even 
under  this  condition  the  device  was  nearly  a  tenth  as 
sensitive  as  with  the  best  arrangement  that  could  be 
obtained  with  the  same  core  after  it  had  been  sawed 
so  as  to  form  an  adjustable  gap. 

Arrangement  for  Greatest  Sensitivity.  Of  the  many 
arrangements  of  parts  that  have  been  tried,  that  which 
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gives  the  greatest  sensitiveness  and  general  convenience 
of  working  is  shown  in  Fig.  4. 

The  electromagnet  is  placed  outside  the  gap  of  the 
permanent  magnet,  but  in  a  position  in  which  an  ap- 
preciable amount  of  flux  from  the  latter  passes  through 
the  cores  of  the  former.  It  is  to  be  noted  that  in  prin- 
ciple the  arrangement  is  identical  with  the  earlier  one 
described  above,  the  most  important  difference  in  the 
details  of  the  arrangement  being  the  weaker  field  to 
which  the  core  is  subjected.  The  two  principal  ad- 
vantages of  putting  the  electromagnet  outside  are: 
first,  other  things  being  equal,  the  instrument  will 
be  most  sensitive  when  the  core  is  working  at  the  point 
of  maximum  differential  permeability,  and  the  point 
of  maximum  differential  permeability  occurs  at  very 
low  values  of  B,  (ideally,  at  B  =  0) ;  second,  with  low 
frequency  vibrators,  which  must  be  of  very  small 
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diameter,  the  effect  of  the  strong  magnetic  field  upon 
the  frequency  of  the  vibrator  introduces  practical 
difficulties  in  tuning,  since  the  magnetic  forces  combine 
with  the  elastic  force  to  change  the  total  restoring  force, 
thus  changing  the  frequency.  The  relative  positions 
of  the  permanent  magnet  and  the  electromagnet  were 
varied  systematically,  but,  as  would  be  expected,  the 
one  shown  gives  the  best  results. 

A  high  differential  permeability  is  necessary,  as  just 
mentioned,  for  sensitiveness.  This  means  a  high 
initial  permeability  in  the  core.  Decidedly  the  best 
results  have  been  obtained  with  cores  made  of  good 
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sheet  silicon  transformer  steel.  Results  seemed  to  in- 
dicate that  the  sensitiveness  varies  as  the  square  of  the 
initial  permeability  instead  of  as  the  first  power,  as 
was  expected,  but  sufficiently  accurate  data  was  not 
obtained  to  make  certain  on  this  point. 

If  it  is  attempted  to  increase  the  sensitiveness  by 
bringing  the  end  of  the  vibrator  close  to  the  pole  tips, 
a  condition  of  instability  is  reached,  the  vibrator  being 
pulled  over  to  one  or  the  other  of  the  pole  tips.  Other 
practical  difficulties  arise,  such  as  changes  in  the  tuning 
of  the  vibrator.  In  general,  the  shorter  the  gap,  the 
closer  can  the  end  of  the  vibrator  be  placed  to  the 
pole  tips  without  such  difficulties  being  encoimtered. 
Considerable  changes  may  be  made  in  length  of  gap, 
shape  of  pole  tips,  etc.,  without  greatly  affecting  the 
maximum  working  sensitiveness  attainable  by  the 
various  adjustments. 

Generally  satisfactory  results  are  obtained  with  the 
pole  tips  brought  down  in   the  form    of    truncated 
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pyramids,  the  faces  being  about  2  by  0.5  mm.,  the 
short  edge  being  parallel  with  the  plane  of  vibration 
of  the  vibrator,  a  gap  of  about  1.5  mm.,  and  the  end 
of  the  vibrator  about  1.5  mm.  from  the  pole  tips.  An 
improvement  by  a  factor  of  1.5  to  2  may  be  obt^ed 
by  setting  the  pole  tips  at  an  angle,  as  the  field  is 
intensified  by  such  an  arrangement,  (See  Fig.  4). 


Fic,  5 


The  Vibrator.  The  vibrator  is  mounted  on  a  small 
base  of  soft  steel,  as  shown  in  Fig.  6,  and  is  held  in 
place  magnetically,  by  merely  placing  the  base  on  the 
face  of  the  magnet.  For  convenience  in  changing 
vibrators  for  different  frequencies,  an  aluminum  wire 
is  inserted  in  the  base  as  a  handle.  For  a  60-cycle 
vibrator  a  0.1-mm,  wire  is  convenient,  and  with  this 
diameter  a  length  of  about  33  mm.  is  required.  A^0.04- 
mm.  wire  of  the  same  length  has  a  frequency, of  about 
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25  cycles.    For  soft  steel  wires,  the  following  formula 
is  sufficiently  accurate  for  design  purposes: 

diameter 

Frequency  =  65,000  r. — HUTT 

(length)* 

where  the  dimensions  are  in  centimeters.* 

For  piano  wire  the  constant  is  higher,  about  70,000. 

At  first  it  was  hoped  that  such  a  vibrator  might  be 
permanent  enough  in  its  frequency  to  serve  the  purpose 
of  a  frequency  meter  as  well  as  that  of  a  galvanometer, 
but  it  is  not  feasible,  since  the  actual  resonance  fre- 
quency depends  to  a  small  extent  upon  the  position 
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of  the  vibrator  in  the  magnetic  field.  Advantage  may 
be  taken  of  this  fact,  however,  to  provide  a  fine  adjust- 
ment for  tuning  the  vibrator  to  the  exact  frequency 
desired.  If  an  auxiliary  small  magnet,  or  better,  a 
pair  of  such  magnets,  is  placed  near  the  end  of  the 
vibrator,  the  frequency  may  be  changed  several  per 
cent,  by  changing  the  position  of  the  auxiliary  magnet. 
While  it  does  not  readily  provide  as  large  a  range  of 
adjustment,  a  more  convenient  method  is  to  move  an 
iron  rod  toward  or  away  from  one  pole  of  the  permanent 
magnet  by  a  screw  motion,  as  shown  in  Fig.  5. 

If  the  vibrator  is  polished,  and  illuminated  by  a 
horizontal  beam  of  light,  a  sharp  line  of  light  may  be 
obtained  in  the  microscope,  very  similar  in  appearance 
to  the  image  of  an  incandescent  filament  of  moderate 
brilliancy  when  viewed  in  a  telescope.  Satisfactory 
readings  may  also  be  made  by  viewing  the  wire  in  the 
ordinary  way.  In  comparing  sensitiveness  it  is  con- 
venient to  use  a  vibration  just  sufficient  to  make  the 
vibrator  appear  of  double  diameter. 
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It  is  well  to  keep  the  vibrator  covered  with  a  very 
thin  film  of  oil  to  prevent  corrosion.  The  effect  of  such 
a  film  on  the  frequency  is  too  small  to  be  at  all  incon- 
venient. For  many  purposes  it  is  convenient  to  shield 
the  vibrator  with  a  glass  tube,  as  in  Fig.  6. 

Performance.  With  a  magnifying  power  of  50  to 
100,  which  has  been  found  satisfactory  under  working 
conditions,  a  motion  of  the  vibrator  of  five  microns  is 
easily  visible.  With  a  one-ohm  winding  ai^  electro- 
motive force  of  three  microvolts  can  be  detected. 
The  construction  is  such  that  high  resistance  coils 
may  easily  be  wound  for  high  current  sensitivity. 
With  a  270-ohm  winding  the  sensitivity  is  such  that 
a  current  of  0.05  microampere  can  readily  be  detected. 

The  chief  advantages  of  the  instrument  are  its  sturdi- 
ness,  the  ease  of  adjustment,  its  quick  responsiveness, 
and  its  freedom  from  the  effects  of  external  vibration. 
In  the  last  characteristic  the  instrument  is  an  order  of 
magnitude  better  than  any  other  form  of  vibration 
galvanometer  with  which  the  author  is  familiar. 
Both  the  freedom  from  external  vibration  and  the 
quick  responsiveness  are  due  to  the  relatively  large 
damping  by  air  friction,  and  the  extremely  small  mass 
of  the  moving  element.  Although  the  vibration  gal- 
vanometer depends  upon  the  principle  of  resonance, 
an  appreciable  amoimt  of  damping  is  necessary  to  give 
a  reasonably  quick  response  to  changes  in  circuit  con- 
ditions, and  the  smaller  the  mass  of  the  moving  ele- 
ment, the  smaller  the  amount  of  energy  necessary  for 
a  given  amplitude,  and  the  more  quickly  will  the  re- 
quisite amount  of  energy  be  supplied  from  the  circuit. 

The  "resonance  range"  is  about  one  per  cent.  That 
is  to  say,  if  the  frequency  of  the  current  is  one  per  cent 
above  or  below  the  frequency  of  resonance,  the  ampli- 
tude of  vibration  will  be  half  as  great  as  at  resonance. 

The  efficiency  of  the  present  instrument  as  a  motor  is 
very  low,  the  back  electromotive  force  being  only  a 


2.  This  formula  is  in  the  form  given  by  Rayleigh,  (Theory  of 
Sound,  Vol.  1,  art.  171),  for  the  design  of  the  rectangular  prong 
of  a  tuning  fork, 

N  -  84,590  //P 
where  N  is  the  frequency,  (  the  thickness,  and  I  the  length. 
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few  per  cent  of  the  applied  electromotive  force.  If  it 
should  be  found  possible  to  increase  the  electrical 
efficiency  of  the  device,  as  a  motor,  to  50  per  cent,  the 
sensitivity  would  be  increased  in  like  ratio,  and  the 
instrument  would  be  able  to  do  the  work  of  the  most 
sensitive  form  of  the  moving-coil  tjrpe.  Wenner  has 
shown  that  it  is  possible  to  develop  an  electrical  effi- 
ciency of  over  97  per  cent  in  a  vibration  galvanometer 
of  the  movmg-coU  type.' 

The  instrument,  in  various  stages  of  development, 
has  been  used  in  routine  testing  at  the  Bureau  of 
Standards  for  more  than  three  years.  While  many 
improvements  have  been  made  in  detail,  a  much-to- 
be-desired  radical  increase  in  electrical  efficiency  has 
not  been  accomplished.  One  possibility  is  the  use  of 
a  hardened  steel  vibrator,  permanently  magnetized, 
but  a  preliminary  substitute  experiment,  in  which  a 
soft  iron  vibrator  was  surrounded  by  a  magnetizing 
coil,  did  not  show  encouraging  results.  No  attempt 
has  been  made  to  put  the  vibrator  in  a  vacuum  so  as 
to  reduce  the  air  friction.  It  would  be  necessary  to  use 
a  fairly  high  vacuum  as  the  resistance  of  the  air  is 
nearly  independent  of  the  pressure  down  to  a  pressure 
of  about  one  mm.  of  mercury.  The  sharpness  of  tuning 
necessary  would  increase  as  the  sensitiveness  increased, 
as  would  also  the  response  to  external  mechanical  dis- 
turbances, esi)ecially  disturbances  synchronous  with 
the  current.  A  very  promising  line  of  attack  which 
has  not  been  tried  is  the  use  of  a  vibrator  made  of 
vacuum  process  iron,  to  secure,  if  possible,  a  much 
higher  flux  in  the  vibrator. 

I  am  indebted  to  Mr.  J.  B.  Dempsey  for  a  large  part 
of  the  experimental  work,  and  for  valuable  suggestions. 


3.  Wenner,  Bull,  of  the  Bureau  of  Standards,  6,  p.  364,  1910. 
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Discussion  ON  *'A  New  Form  op  Vibration  Gal- 
vanometer" (Agnew),  New  York,  N.  Y., 
February  20,  1920. 

John  B.  Whitehead :  To  one  who  has  worked  with 
the  older  forms  of  vibration  galvanometer,  involving 
the  string  suspension,  it  is  obvious  that  this  instrument 
presents  many  advantages.  Simplicity  of  operation 
IS  at  once  conspicuous.  I  want  to  ask  Dr.  Agnew  if 
he  will  not  say  a  word  on  the  adjustment  of  the  instru- 
ment to  different  values  of  frequency.  The  suggestion 
is  made  here  that  with  a  given  standard  frequency, 
such  as  60  or  25,  vibrators  are  readily  designed,  but 
for  frequencies  which  differ  by  several  per  cent  from 
these,  it  would  be  necessary  to  include  some 
provision  for  accurate  tuning. 

I  have  recently  had  occasion  to  measure  alternating 
currents  of  very  small  values,  and  have  found  very 
great  assistance  indeed  in  the  use  of  d-c.  galvanometers 
m  combination  with  hot  cathode  tubes,  orkenotrons. 
These  tubes  rectify  completely  at  all  frequencies,  and 
the  use  of  the  most  sensitive  forms  of  d' Arson val 
i^istrument  is  thus  possible.  I  suspect,  from  the  figures 
given  in  the  paper,  that  the  sensitivity  reached  with 
the  vibration  galvanometer  may  not  be  reached  with 
the  d' Arson val  instrument,  and  if  so,  it  will  still  be  nec- 
essary to  go  to  the  vibration  galvanometer  in  order 
to  get  these  extreme  limits  of  sensitivity.  However, 
I  want  to  call  attention  to  the  very  great  ease  with 
which  one  may  measure  small  alternating  currents 
using  kenotrons  and  galvanometer. 

Clayton  H.  Sharp:  I  think  it  should  be  pointed 
out  once  more  that  the  great  advantage  of  this  instru- 
ment is  that  it  makes,  apparently,  the  vibration 
galvanometer,  an  instrument  available  for  many  classes 
of  usage  to  which  vibration  galvanometers  as  hitherto 
constructed  have  not  been  applicable.  The  ordinary 
type  of  vibration  galvanometer  as  we  have  known  it 
in  the  past  has  been  practically  unusable  in  a  building 
which  was  subject  to  vibrations  having  a  periodicity 
somewhat  similar  to  the  natural  period  of  the  instru- 
ment. If  Dr.  Agnew  has  succeeded,  as  I  take  it  he  has 
in  producing  an  instrument  which  is  not  so  affected  by 
building  vibrations  while  still  retaining  a  satisfactory 
degree  of  sensibility  electrically,  he  has  advanced  the 
art  a  very  material  step. 

W.  H.  Pratt:  Some  six  or  eight  years  ago  I  had 
occasion  to  determine  the  moment  of  inertia  of  the 
moving  system  of  an  air  damping  instrument.  After 
giving  the  procedure  sufficient  consideration,  I  at- 
tempted to  determine  the  time  of  vibration  of  this 
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moving  system  on  the  conditions  of  no  damping,  by 
conducting  the  experiment  in  a  vacuum  tank.  I 
immediately  discovered  what  has  been  pointed  out 
in  the  paper,  that  the  damping  is  reduced  by  a  very 
small  amount,  until  the  condition  of  high  vacuum  is 
attained. 

P.  E.  Klop8teg:  Another  modification  of  the 
instrument  suggests  itself,  and  that  is  the  use  of  a 
tungsten  filament  mounted,  possibly  with  an  elastic 
moimting,  in  an  exhausted  glass  tube,  to  pass  the  direct 
current  through  the  filament  so  as  to  heat  it,  and  to 
use  the  same  form  of  electro-magnet  for  the  alternating 
current,  and  observe  the  heated  filament  with  the 
microscope.  This  would  be  an  arrangement  somewhat 
similar  to  the  Einthoven  string  galvanometer,  except 
that  the  filament  is  made  incandescent  with  direct 
current,  and  the  alternating  current  passed  through 
the  magnet  windings.  Tuning  might  be  accomplished 
by  using  a  magnet  or  pair  of  magnets  to  change  the 
tension  of  the  filament.  Of  course,  the  process  might 
be  reversed,  presumably,  and  the  regular  Einthoven 
arrangement  used,  that  is,  to  use  the  direct  current 
in  the  magnet  and  send  the  alternating  current  through 
the  filament.  With  this  arrangement  the  filament 
would  require  outside  illumination.  The  other  plan 
seems  more  worth  trying,  namely,  to  heat  the  filament 
with  direct  current,  and  allow  the  alternating  flux, 
due  to  the  current  being  detected,  to  vibrate  the  fil- 
ament and  observe  the  incandescent  filament  with 
a  microscope. 

P.  G.  Agnew:  Replying  to  Professor  Whitehead's 
question  in  regard  to  the  method  of  tuning,  the  mag- 
netic control  described  in  the  paper  gives  a  frequency 
adjustment  up  to  5  per  cent.  For  more  than  5  per 
cent,  the  vibrator  is  changed.  In  practise  the  change 
is  a  simple  matter.  I  usually  keep  a  few  pieces  of 
wire  hung  up  in  the  laboratory,  oiled,  so  as  to  avoid 
corrosion,  and  when  it  is  necessary  to  use  a  different 
frequency,  say  30  cycles,  one  mounts  a  piece  of  the 
wire,  and  clips  it  off  to  the  calculated  length.  If  the 
diameter  of  the  wire  is  known,  the  formula  gives  the 
length  to  a  few  per  cent,  and  so  only  one  or  two  trials 
are  necessary  to  get  a  satisfactory  adjustment.  The 
mounting  and  adjustment  of  a  vibrator  can  easily 
be  made  in  ten  or  fifteen  minutes. 

The  forms  suggested  by  Dr.  Klopsteg  would  actually 
be  entirely  new  forms  of  the  vibration  galvanometer, 
rather  than  mere  modifications  of  the  present  form. 
The  development  of  Dr.  Klopsteg's  ideas  would 
certainly  constitute  an  interesting  and  a  valuable 
contribution  to  the  subject  of  electrical  measvireraet\\&. 
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Dr.  Sharp  has  very  clearly  pointed  out  the  most 
important  advantage  of  the  instrument.  At  first  sight 
one  would  expect  the  present  instrument  to  be  affected 
much  more  Uian  it  is  by  external  vibration,  in  fact, 
much  more  than  is  the  coil  type.  In  an  axially 
mounted  coil  we  would  expect,  as  a  first  approximation, 
that  tbe  instrument  would  be  independent  ot  external 
vibration,  which  could  be  effective  only  through 
accidental  variation  from  axial  symmetry,  while  in  the 
present  form  the  vibrator  would  be  expected  to  respond 
to  external  vibration.  Experience  shows,  however, 
that  the  present  form  is  much  less  affected  than  is  the 
coil  type  by  external  vibration.  The  principal  reason 
for  this  is  to  be  found  in  the  extremely  small  mass 
of  the  vibrator,  coupled  with  the  damping.  Only 
a  minute  amount  of  energy  is  involved  in  the  vibration 
and  this  is  quickly  dissipated  in  the  damping. 


Presented  at  the  St  h  Midwinter  Convention  of  the 
American  Institute  of  Electrical  Engineers, 
New  York,  February  20.  1920. 

Copyright  1920.     By  A.  I.  B.  B. 
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A  new  principle  has  been  developed  whereby  an 
ordinary  millivoltmeter  may  be  converted  into  an 
instrument  in  which  the  usual  errors  arising  from  a 
variable  line  resistance  are  entirely  eliminated.  The 
instrument  measures  true  e.  m.  f .  in  a  simple  circuit  or 
if  connected  across  a  resistance  or  network  through 
which  a  current  flows  it  indicates  the  potential  drop 
which  would  have  existed  had  the  instrument  not  been 
connected.  In  this  respect  it  functions  as  a  i>otentio- 
meter,  yet  it  docs  not  operate  on  the  potentiometric 
principle  since  it  does  not  require  a  standard  cell 
(or  the  equivalent)  or  an  auxiliary  battery,  the  only 
e.  m.  f .  employed  in  the  adjustment  being  that  of 
the  source  measured.  No  loss  in  precision  of  setting 
results;  in  fact  the  adjustment  may  be  readily  made 
to  10  times  the  scale  accuracy.  Various  wiring  dia- 
grams are  shown  and  methods  are  discussed  for  con- 
structing instruments  of  zero  temperature  coefficient 
and  properly  damped.  A  new  deflection  potentiometer 
is  described  which  offers  (considerable  aavantage  over 
the  ordinary  type  for  small  e.  m.  fs.  in  a  circuit  of 
variable  resistance. 


THE  maximum  e.m.f.  developed  by  a  rare-metal 
thermo-couple  is  about  15  to  18  millivolts,  and 
that  developed  by  a  base-metal  couple  about  50 
to  80  millivolts.  To  measure  such  small  e.m-fs. 
accurately  by  a  galvanometric  method  requires  the  use 
of  specially  constructed  millivoltmeters.  A  millivolt- 
meter,  although  graduated  to  read  e.m.f .  is  fundament- 
ally a  current-measuring  device.  The  deflection  of  the 
pointer  is  approximately  proportional  to  the  current 
flowing  through  the  instrument. 

If  c  is  the  e.m.f.  developed  by  the  couple,  R  g  the 
resistance  of  the  galvanometer,  and  R  the  resistance  of 
the    lead    wires    and    couple,    the    current    flowing 

=  7d r^D\  •    Hence  in  order  that  a  certain  deflec- 

yti  g  -f-  K) 
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tion  correspond  to  a  definite  e.m.f.,  the  scale  of  the 
instrument  must  be  graduated  for  a  preassigned  value 
of  R  g  +  R.  Any  change  in  the  resistance  R  from  this 
standard  value  causes  an  error  in  the  observed  reading 
of  the  e.m.f.  Such  variations  may  arise  from  bad  con- 
tacts, deterioration  of  the  couple,  change  in  depth  of 
immersion,  temperature  coefficient  of  lead  wires  and 
couple,  etc. 

In  order  to  minimize  the  effects  of  these  variations 
the  resistance  i2  ^  of  the  galvanometer  is  made  large 
compared  to  that  of  the  line  and  couple  R.  This  latter 
resistance  in  general  practise  may  vary  from  1  to  15 
ohms.  Hence  the  resistance  R  g  must  be  very  great 
in  order  that  changes  in  R  be  negligible.  The  con- 
*  struction  of  a  millivoltmeter  having  the  combined 
features  of  high  resistance  and  robustness  sufficient  to 
resist  the  mechanical  shocks  to  which  it  is  necessarily 
subjected  in  any  industrial  plant  is  an  exceedingly 
difficult  problem.  The  highest  resistance  ever  em- 
ployed is  about  1200  ohms,  and  instruments  are 
manufactured  having  a  resistance  of  only  10  ohms. 
All  questions  considered,  the  most  satisfactory  pivot 
instruments  from  the  pyrometric  standpoint  have  a 
resistance  of  about  5  to  10  ohms  per  millivolt. 

If  an  instrument  having  a  resistance  of  100  ohms  is 
calibrated  to  read  correctly  for  a  line  and  couple  resist- 
ance of  2  ohms,  and  if  the  resistance  of  the  latter  for 
one  of  the  various  reasons  mentioned  above  changes 
from  2  to  5  ohms,  the  indicator  will  read  in  error  by 
3  per  cent  or  30  deg.  at  1000  deg.  cent.  With  a  10-ohm 
indicator  the  error  would  be  about  20  per  cent,  or  200 
deg.  at  1000  deg.  cent.  Such  errors  are  of  serious 
importance,  and  are  not  easily  detected  unless  measure- 
ments of  the  line  resistance  are  frequently  made. 
These  measurements  require  the  use  of  an  auxiliary 
instrument  such  as  a  Wheatstone  bridge,  and  then 
corrections  must  be  applied  to  the  observed  reading  of 
the  millivoltmeter  to  take  account  of  the  variation  in 
line  resistance  from  the  value  for  which  the  indicator 
was  standardized. 

In  the  following  discussion  an  instrument  is  des- 
cribed in  which  provision  is  made  whereby  the  total 
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re^tance  of  the  circuit  may  be  easily  adjusted  to  the 
preafisigned  value  for  which  the  acale  of  the  iuBtrument 
is  graduated  without  requiring  the  use  of  any  auxiliary 
instrument  or  a  source  of  e.m.f.  other  than  that  of  the 
couple  being  measured.  Although  the  instrument  was 
designed  primarily  for  pyrometrie  purposes,  its  iiseful- 
ness  is  not  confined  to  this  field  alone. 

Description  of  Compensated  Instrument 

F^.  1  illustrates  the  apparatus  in  a  general  form. 

When  the  instrument  is  used  as  a  ample  temperature 

indicator,  the  resistance  of  the  circuit  through  which  the 


,^  -W.-1  - 


Pia.  1 — General  Diaoram  or  Apparatus  fob  Euuinat- 
iNo  Errors  doe  to  Unkkown  Line  Rrbistance,  Frou  Which 
TWO  Simple  Ttpes  are  Derived 

current  from  the  thermocouple  flows  is  made  up  as 
follows:  The  resistance  T  of  the  thermocouple,  reast- 
ance  L  of  the  line  or  lead  wires,  a  rheostat  of  resistance 
r,  which  may  be  adjusted  thus  altering  the  resistance  of 
the  circuit,  a  resistance  h,  a  resistance  rt  including  the 
resistance  of  the  moving  element,  r,  being  shunted  by 
resistance  r^,  t^  and  ri  connected  in  series.  In  addition 
to  these  parts  of  the  circuit,  arranged  as  shown  in  the 
figure,  there  is  a  resistance  r,  connected  between  points 
C  and  K,  and  a  icey  K  which  when  closed,  short-circuits 
r,,  and  connects  r,.  r».  and  r,  directly  together  through 
the  key. 

By  adjusting  one  or  more  of  the  resistances  until  a 
definite  relation  is  obtained  between  the  deflections  of 
the  moving  element  G  when  the  key  is  open  and  closed 
respectively,  a  definite  relation  will  he  established 
between  different  resistances  of  the  system.  The  most 
convenient  relation  between  the  respective  defiections 
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• 

is  identity,  and  this  relation  will  be  used  in  the  following 
discussion.  In  the  general  case  here  described,  identi- 
cal readings  could  be  established  by  adjusting  any  of 
the  resistances  r.,  r„  r„  u,  u,  r.,  or  ry,  but  it  will  appear 
directly  that  one  desirable  method  is  to  adjust  r„  for 
then  the  sum  of  r.,  L,  and  T  is  brought  to  a  definite 
value.  The  instrument  may  be  so  designed  that  when 
r,  +  L  +  r  =  a  constant  =  fi,  the  total  resistance  of 
the  circuit  is  the  preassigned  value  for  which  the  instru- 
ment was  calibrated.  The  relation  between  the 
resistances  may  be  deduced  as  follows: 

Representing  the  current  flowing  through  fs  by  %'t 
when  the  key  is  open  and  by  iz  when  the  key  is  closed, 
and  the  e.m.f .  which  the  couple  develops  by  e,  when  the 
key  is  open  we  have: 

-V-  =  Ti  +  r2  +rz  +  -^ 7 —  (1) 

is  U  +  n  +  u 


When  the  key  is  closed  we  have  from  Kirchhoff's  laws 
the  following  seven  equations: 

ii  —  i2  ~"  i?  =  0 

ii—  U—  iz  =  0 

iz  +  ii—  ii  =  0 

i?  +  ie  —  ^4  =  0 

ii Ti—  e  +  ii Ti  +  izTz  -  0 

i^  T2  +  ie  ^6  --  i?  ^7  =  0 

iz  Tz  —  iiU—  i^u  =^  0 

in  which  i  with  subscript  represents  the  current  through 
the  resistance  designated  by  the  corresponding  sub- 
script. 

Solving  these  equations  we  obtain : 

r  [u  (1  +  n/u)  +  fT  (1  +  u/n)] 

=  rv  [-i?:L±pl^  +  (rx  +  U  +  Tz)  (1  +  u/u)  ] 

+  (ri  Tz  +  riu  +  rz  u)  (1  +  r2/rt)  +  r2  (fi  +  u) 

(2) 

If  the  deflection  of  the  galvanometer  is  the  same 

whether  the  key  is  open  or  closed,  the  current  flowing 

through  the  galvanometer  coil  is  equal  in  the  two  cases 


19201  T.  R.  HARRISON  AND  P.  D.  FOOTE  375 

(i't  =  iz)  and  we  may  substitute  for  e/U  in  (2)  the 
value  given  for  e/i'^  in  (1).  Upon  simplification  of  the 
equation  thus  obtained  we  have  (3)  which  is  the  general 
conditional  equation  for  the  relation  between  the 
resistances  necessary  in  order  that  the  deflection  of  the 
galvanometer  be  not  altered  by  closing  the  key  K: 

-  -  _L   ^3  (ri  +  r,)  (r,  u  +  r4  fe  -  U  Ti) 


(rj  +  u)  (ji  +  rs  +  re) 


,     r2  fe  (fi  +  Ti)  .,. 

=  ri  r3  H ^-j ^  (3) 

r2  +  fe 

By  assigning  certain  special  values  to  some  of  the 
resistances,  equation  (3)  may  be  very  much  simplified. 

Making  r^  =  oo  (i.  e.  no  connection  directly  across 
from  one  switch  contact  to  the  other)  we  obtain: 

r%  r?  (ri  +  r^)  ,     u u  (ri  +  r^         ... 

r2  +  fc  U  +  u 

If  in  addition  to  making  re  =  oo  we  make  r?  =  0  the 
equation  reduces  to  the  form: 

^2  U  =  fi  rs  H ^     ,   ^ \?) 

Tt  +  U 

and  finally,  upon  making  re  =  0  in  addition  to  making 
re  =  00  and  r?  =  0,  we  have  the  important  relation  viz. : 

r2  u  =  ri  rs    or    ri  =  -^^  (6) 

This  arrangement  will  be  discussed  fully  below.  If  we 
impose  the  sole  condition  that  n  =  0,  equation  (3) 
reduces  to  the  form : 

r,  =  -^  (7) 

This  is  also  a  very  simple  form  which  possesses  the 
advantage  that  it  is  independent  of  the  value  of  r?,  and 
therefore  of  contact  resistance  at  the  key.  For  high 
sensitivity  in  adjusting  ri  to  the  proper  value,  r?  should 
be  practically  zero  and  u  should  be  also  low  in  order  thai 
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a  large  current  may  flow  through  ri  when  the  key  is 
closed. 

Fig.  2  shows  a  diagram  of  the  instrument  where 
fi  =  cx)  and  Tf  =  fy  =  0  as  discussed  above.  The  circuit 
C  D  G  F  is  an  ordinary  millivoltmeter  or  galvanometric 
indicator  of  resistance  rj  +  r%,  the  latter  resistance 
including  that  of  the  moving  element  G.  In  series  with 
this  is  an  adjustable  rheostat  C  B,  the  maximum  value 
ri  of  which  is  chosen  equal  to  the  maximum  value  of 
the  resistance  of  the  line  and  couple  likely  to  occur  in 
practise.  The  galvanometer  is  calibrated  to  read 
correctly  when  the  total  resistance  R  of  the  circuit  has 
the  preassigned  value  fi  +  ri  +  r^.     If  in  the  construc- 


FiQ.     2 — Open  Shunt  Type  for  High  Sensitivity,  Espe- 
cially Suitable  for  Thermocoupli:s 


tion  of  the  instrument 


is  made  equal  to  ri,  then 


when  the  rheostat  C  B  is  adjusted  to  a  value  r,  such 
that  the  deflection  of  the  instrument  is  the  same 
whether  the  key  is  open  or  closed,  the  sum  of  resistances 
r,  +  L  +  T  must  equal  fi  and  the  resistance  r^  +  L 
+  T  +  fj  +  fi  of  the  circuit  with  the  key  open  must 
equal  the  preassigned  value  i2  =  ri  +  rj  +  r,  for  which 
the  scale  of  the  instrument  was  graduated.  Thus  it 
follows,  as  will  be  shown  more  clearly  later,  that  the 
instrument  measures  true  e,m,f.  in  a  simple  circuit,  or  if 
connected  across  a  resistance  through  which  a  current 
flows  it  will  indicate  the  potential  drop  which  would  have 
existed  had  the  in^rument  not  been  connected.  In  this 
respect  its  action  is  similar  to  that  of  a  potentiometer. 
The  principle  may  be  also  applied  to  net  work  conductors, 
an  extension  of  which  leads  to  a  serviceable  deflection 
potentiometer. 
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Equation  (6)  may  be  deduced  in  a  simple  manner  as 
follows:  If  e  represents  the  e.m.f.  developed  by  the 
couple,  e'  the  potential  drop  across  D  F  when  the  key  is 
open,  and  e"  the  potential  drop  across  D  F  when  the 
key  is  closed,  we  obtain  the  equations: 

^'  ^   L  +  T  +  r.  +  u  +  u  ^®^ 

and 

{L  +  T  +  r,)  iu  +  U)  +  r,  u  ^^ 

If  r,  is  so  adjusted  that  these  two  potential  drops  and 
hence  the  deflections  of  the  indicator  are  the  same,  we 
have  on  equating  (8)  and  (9): 

L  +  T  +  r.  =  -^^^^  =  a  constant  =  fi  (10) 

by  construction.  Adjustment  of  the  rheostat  alters 
the  readings  both  when  the  key  is  open  and  closed. 
A  simple  process  for  operating  the  instrument  is 
accordingly  as  follows: 

1.  Read  the  instrument  with  the  key  open. 

2.  Close  the  key  and  adjust  the  rheostat  C  B  until 
the  instrument  reads  approximately  the  same  as  in  1. 

3.  Repeat  1  and  2  if  necessary. 

Magnification  of  Errors 

By  making  rz/u  equal  to  from  5  to  10,  the  ease  with 
which  the  proper  setting  can  be  obtained  is  greatly 
improved.  That  this  is  true  will  be  seen  from  the 
following  consideration. 

If  the  instnmient  is  calibrated  to  read  correctly  when 
the  resistances  are  related  according  to  the  equation 
ri/fa  =  fi/rs  and  if  the  rheostat  C  B  is  out  of  adjust- 
ment by  an  amount  5  ri,  the  instrument  will  read  in 
fractional  error,  when  the  key  is  open,  by  an  amount: 

de'  dri 


e'  ri  +r2  +  u 

and  when  the  key  is  closed  by  an  amount: 
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de'  dri 


fi  + 


whence 


r«+r4 


3e'   __      fi ra  +  ri r4  +  rs u  ,||x 

5  e*'         (fa  +  U)  (ri  +  r,  +  fa)  ^   ^ 

If  fi  =  r2  and  rz  =  r4,  the  above  expression  simplifies  to 

5  c'         1 


d& 


or  d  e"  —  de'  =  d  e'.      Therefore  when 


Ti/u  =  1  the  difference  between  the  readings  will  equal 
the  error  in  the  reading  when  the  key  is  open.  If 
however,  r2/ri  and  r3/r4  are  made  large,  say  equal  to  10, 

8e'         1 
we  find-^— -  =  -rr  or  5  e"—  Se'  ==  10  5  e\    Thus  if  r8/r4 
^e"        11  ' 

=  10,  the  error  when  the  key  is  open  is  only  1/11  of 
the  error  when  the  key  is  closed,  or  1/10  of  the  difference 
between  the  readings  when  the  key  is  open  and  closed 
respectively. 

In  the  process  for  operating  the  instrument  des- 
cribed it  is  rarely  necessary  to  make  a  second  adjust- 
ment when  the  resistances  r3/r4  are  in  as  high  a  ratio  as 
10.  In  position  1,  the  instrument  functions  as  an 
ordinary  galvanometer.  The  single  setting  in  position 
2  reduces  the  error  in  the  ordinary  galvanometer  to 
1/11  of  itself,  which  is  usually  sufficient. 

The  adjustment  for  the  proper  external  resistance,  if 
desired,  can  be  made  with  10  times  the  precision  neces- 
sary. Thus,  if  the  galvanometer  can  be  read  to  1/10 
of  a  scale  division,  the  line  resistance  can  be  set  for  an 
error  of  only  1/100  of  a  scale  division,  which  is  at  least 
10  times  the  accuracy  possible  with  any  indicating 
instrument.  Hence  the  factor  of  variable  line  resist- 
ance which  may  give  rise  to  very  serious  errors  is  easily 
and  accurately  controlled  by  a  simple  mechanical 
adjustment. 

Multiple  Installation 
The  device  is  readily  applicable  to  multiple  installa- 
tions of  different  line  resistances.    For  multiple  point 
recorders  and  indicators  as  many  resistances  C  B  may 
be  employed  as  there  are  couples.    These  may  be 
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inexpensive  rheostats  having  a  resistance  of  approxi- 
mately 15  ohms  each,  located  in  each  couple  line  be- 
tween the  couple  and  the  selective  switch.  These 
rheostats  may  be  adjusted  in  the  manner  described 
whenever  convenient  or  necessary.  The  fact  that  it  is 
not  essential  to  have  the  extra  resistances  adjusted  to 
precisely  15  ohms  is  of  great  advantage  from  the 
constructional  point  of  view.  The  instrument  may  be 
calibrated  for  exactly  15  ohms  external  resistance.  If 
the  adjustable  resistances  accordingly  have  values  of 
from  16  to  17  ohms,  from  1  to  2  ohms  more  are  cut  out 
of  the  circuit  in  the  process  of  obtaining  a  setting  than 
would  be  the  case  if  resistances  of  precisely  15  ohms 
were  employed.  In  either  case,  however,  the  final 
e.m.f .  reading  is  correct. 

The  following  illustrates  a  suitable  proportioning  of 
resistances  for  a  300-ohm  indicator  with  rs/r4  =  10: 

fi  =    15  ohms. 

fa  =  150  ohms. 

rs  =  135  ohms. 

U  =  135/10  ohms. 

Ti  +  Ti  +  Ti  =  300  ohms. 

Proper  Damping 

In  designing  an  instrument  of  the  type  discussed 
above,  care  must  be  taken  to  avoid  excessive  over 
damping  when  the  key  is  closed.  The  resistances 
effective  in  damping  are  B  =  ri  +  fa  +  fs  when  the  key 

is  open  and  Rd  -  rz  +  -. — \rr~^  when  the  key  is  closed. 

It  is  evident  that  Rd  is  less  than  R.    If  we  let  K  =  r2/ri 
=  Tz/Ti  the  following  two  relations  are  obtained: 

R  —  Rd  /  V 

'■i  = p — wr  (■) 

^  + E~ 


'*  =  *■'  ^  -R^  ^^^ 

For  the  simple  indicator  R  is  known  as  soon  as  the 
scale  range  is  chosen.    Suitable  values  may  be  ^\ec\j^ 
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for  fi  and  K  and  equation  (a)  solved  for  Rd.  If  the 
simple  indicator  is  not  seriously  overdamped  when  its 
total  resistance  is  Rd,  this  value  of  Rd  is  satisfactory,  and 
fi  may  be  computed  from  equation  (b).  The  values  of 
fa  and  u  follow  from  K. 

If,  however,  the  simple  instrument  is  too  sluggish 
when  its  total  resistance  is  Rd,  the  minimum  allowable 
value  of  Rd  may  be  determined  experimentally,  and  this 
value,  substituted  in  equation  (a),  determines  fi  with 
proper  choice  of  K;  whence  fa  and  fj. 

Temperature  Coefficient 

In  the  method  so  far  described,  no  account  has  been 

taken  of  the  temperature  coefficient  of  the  instrument. 

An  increase  in  the  temperature  of  the  instrument 

causes  a  slight  weakening  of  the  springs  which  tends  to 

allow  a  given  current  flowing  through  the  instrument 

to  produce  a  greater  deflection^    This  tendency  is 

opposed  by  the  effect  of  a  slight  decrease  in  the  magnet 

strength.    The  effect  of  the  weakening  of  the  springs 

is  almost  always  in  excess  of  the  effect  due  to  the  de- 
crease   in    magnet    strength.    Thus    an    instrument 

becomes  more  sensitive  to  current  as  its  temperature 
rises.  In  order  that  a  given  deflection  shall  continue 
to  indicate  the  e.m.f.  marked  on  the  scale,  the  current 
which  this  e.m.f.  causes  to  flow  through  the  instrument 
must  decrease  with  increasing  temperature.  This 
requires  that  the  resistance  of  the  circuit  increase 
slightly  with  increase  in  temperature.  The  construc- 
tion of  the  instrument  is  such  that  its  resistance  really 
does  so  increase.  Nearly  all  of  the  moving  coils  used 
in  millivoltmeters  are  made  of  copper,  the  resistance  of 
which  increases  about  0.4  per  cent  of  its  initial  value 
per  degree  rise  in  temperature.  The  majority  of  instru- 
ments require  that  from  1/13  to  1/40  of  the  resistance 
of  the  galvanometer  be  composed  of  copper  in  order  to 
neutralize  the  excess  of  the  effect  of  weakening  of 
springs  over  decrease  in  magnet  strength  and  thus  give 
the  instrument  a  zero  temperature  coefficient. 

For  an  instrument  which  is  constructed  with  the 
proper  proportion  of  copper  in  the  circuit,  the  value  of 


1.  See  Bureau  of  Standards  Circular  No.  20. 
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Ti  should  be  the  same  whatever  the  temperature  of 
the  instrument.    This  requires  that  the  value  of     *  * 


also  must  not  vary  with  temperature.  The  resistance 
of  r^  which  is  of  manganin,  is  practically  independent  of 
temperature,  but  fa  is  composed  partly  of  copper,  since 
it  includes  the  moving  element.  Therefore  in  order 
that  rjrz  shall  remain  constant  with  changing  tempera- 
ture, Ti  must  be  composed  of  the  same  proportion  of 
copper  and  manganin  as  fs. 

Any  greater  proportion  of  copper  in  the  instrument 
than  that  required  as  stated  above  will  result  in  too 
great  a  rate  of  increase  of  resistance  with  increase  in 
temperature,  and  hence  the  instrument  will  read  too 
low  when  its  temperature  is  higher  than  that  at  which 
it  was  calibrated.  Instruments  are  often  made  with  a 
greater  proportion  of  copper  than  is  thus  required  in 
order  to  secure  a  more  substantial  design  suitable  for 
industrial  practise  and  to  avoid  other  difficulties  which 
arise  in  the  construction.  One  method  of  making  such 
an  instrument  read  correctly  at  different  room  tempera- 
tures would  be  to  reduce  manually  the  resistance  of 
the  circuit  by  an  amount  equal  to  the  increase  in 
resistance  of  this  extra  amount  of  copper  in  the  circuit. 
The  instrument  described  in  the  present  paper  may  be 
arranged  so  that  this  compensation  is  included  in  the 
adjustment  for  variable  line  resistance  without  any 
extra  constructional  features  or  manipulation.  This  is 
done  by  allowing  the  resistance  r*  to  have  a  greater 
proportion  of  manganin  to  copper  than  fa.  The 
necessary  proportion  is  foimd  as  follows: 

Let  Q  =  temperature  coefficient  of  the  simple  indi- 
cator. 
P  =  temperature  coefficient  of  the  compensated 

indicator. 
ri  =  temperature  coefficient  of  simple  indicator 

contributed  by  the  copper. 
V  =  temperature  coefficient  of  simple  indicator 

contributed  by  springs  and  magnet. 

a  =  temperature  coefficient  of  fa. 

jS  =  temperature  coefficient  of  r4. 
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ri'  =  temperature  coefficient  of  compensated  in- 
dicator contributed  by  all  changes  in 
resistance. 

The  total  temperature  coefficient  of  an  indicator  is 
made  up  of  the  two  parts,  the  temperature  rate  of 
change  per  ohm  of  resistance  and  the  combined  coeffi- 
cient of  the  springs  and  magnet.  Hence  for  the  simple 
indicator  we  obtain: 


-^  iXi  +  fj  +  r,) 

Q  =  i;  +  ^  =     j 1 h  V 


dt  ,  ,--»v 

+  V  (12) 


fi  +  r2  +  fa 
since  fi  and  r2  are  constants.    For  the  compensated 

am       am 

indicator,  however,  ri  =     ^  *  is   a   function    of   the 

temperature  since  both  fs  and  r^  depend  upon  the  tem- 
perature.   Hence: 

A  (ri  +  r2  +  fa) 

P  =  rj'  +  V  =    +  V 

Ti  +  r2  +  Tz 


dfi  -|-  drz 
dt  dt      , 


fi  +  r2  +  ra 


fi  /    1     dr4 1_  du_\       drz 

\  Ta     dt         ra     dt    I  ^    dt 

ri  +  r2  +  fa 

dfi   _    t^Ta.    /    1     dr4  __  J^  drz\ 
dt     ^     Tz     \  r^     dt         Tz      dt  ) 

(1     dr^ 1    drz\ 
U     dt         Tz     dt    I 

If  in  equations  (12)  and  (13)  we  substitute 


+  v    (13) 


smce 
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a  =  — ; jT-    and     p  = jj- 

fj     at  ^        u     dt 

we  obtain  the  foUowing: 


p  ^   ri(j8~  g)  +r,a 
ri  +  fs  +  fa 


(13)' 


Whence: 

P  =  Q  •] ^-j^ — -7^^  =  temperature  coefficient  of 

Ti  -t  r2  -f-  fa     compensated  indicator.    (14) 

In  order  to  obtain  the  condition  for  an  instrument  of 
zero  temperatiu^  coefficient  put  P  =  0  in  the  aibove 
equation,  whence: 

— ^ ^^  =  Q    (condition  for  zero  temperature 

ri  +  fa  +  r,  coefficient)  (15) 

The  coefficients  a  and  j8  are  due  to  the  copper  content 
in  the  resistances  fs  and  Ta.  If  we  assume  the  tempera- 
ture coefficient  of  copper  to  be  0.004  we  obtain: 

_   per  cent  of  copper  in  fi 
"  ~  25,000 

^  _    per  cent  of  copper  in  Ta 
^  "  25,000 

On  substituting  these  values  of  a  and  j3  in  equation 
(15)  the  following  equation  is  obtained  for  the  condition 
that  the  compensated  indicator  have  a  zero  tempera- 
ture coefficient: 
(per  cent  of  copper  in  r  j)  —  (per  cent  of  copper  in  rO 

=  25,000  ^^  +  ^'  +  ^'  Q  (16) 

If  the  simple  indicator  has  been  so  designed  that  its 
temperature  coefficient  is  zero,  i.e.Q  =  0,  equation  (16) 
shows  that  the  copper  to  manganin  ratio  should  be  the 
same  in  the  two  resistances  fs  and  r^. 

If  the  simple  indicator  has  a  too  high  copper  content 
so  that  its  temperature  coefficient  for  voltage  is  positive, 
i.  e.  Q  >  0,  the  experimentally  determined  value  of  Q 
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for  the  simple  indicator  and  the  known  copper  ratio  in 

fj  may  be  substituted  in  equation  (16)  and  the  proper 

copper  ratio  for  the  shunt  Ti  may  be  readily  computed. 

Perfect     compensation     cannot     be     obtained     if 

^  is  small  and  Q  is  large.    The  greatest 


(ri  +  rj  +  r,) 

degree  of  compensation  is  then  secured  when  Vi  is  made 
entirely  of  manganin,  i,  e.  /3  =  0.  Hence  on  making 
j8  =  0,  from  equation  (15),  we  obtain  as  a  condition 
for  the  possibility  of  perfect  compensation  that : 

Q  <  ''""^  (17) 

Many  simple  indicators  have  a  temperature  coefficient 
Q  which  is  larger  than  the  maximum  value  expressed 
by  equation  (17).  In  this  case  the  shunt  r^  should  be 
constructed  entirely  of  manganin  and  the  relation  be- 
tween the  temperature  coefficient  of  the  compensated 
indicator,  P,  and  that  of  the  simple  indicator,  Q, 
readily  derived  from  equations  (12)  and  (13),  is  as 
follows: 

P  ^  Q  (  1  -  0.004  ^  .  "^"^^  "^^PP?^ '"  *•'  )     (18) 


or 


P  =  (r,  +  ,)(l-l^  -^_)  (19) 

Equation  (19)  is  useful  for  computing  directly  the 
value  of  P  on  the  assumption  of  a  definite  value  for  v. 
Usually  p  is  approximately  equal  to  —  0.0002.  We 
will  consider  the  application  of  the  above  equations  to 
the  instrument  already  described. 

fi  =    15     ohms. 


r2  =  150 
r,  =  135 


u 
ti 
ti 
u 


U  =    13.5 
+  r2  +  rs  =  300 

Let  fs  =    50     ohms  copper  +  85  ohms  man- 
ganin. 
Q  =  +  0.00047    (assumed   to   be  deter- 
mined by  experiment). 
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On  applying  the  test  given  by  equation  (17)  it  is  found 

that  Q  >  7 — ,  ^  ^, — V-  .    Hence  perfect  compensa- 
^^1  -h  fj  +  fa; 

tion  is  impossible  for  the  above  instrument.  By  mak- 
ing the  shunt  entirely  of  manganin,  we  obtain  on 
substituting  the  proper  values  in  equation  (18): 

P  =  (0.00047)  (0.84)  =  0.00040 
Thus  the  compensated  indicator  has  a  temperature 
coefficient  16  per  cent  smaller  than  that  of  the  simple 
indicator.    The  same  conclusion  follows  also  from 
equation  (19). 

Use  of   the   Compensated   Millivoltmeter   for 

Measuring  Potential  Drop 

It  is  at  times  desirable  to  measure  a  small  potential 
drop  across  a  resistance  through  which  a  current  is 
flowing.  When  an  ordinary  millivoltmeter  is  employed 
for  this  purpose,  the  potential  drop  is  altered  to  some 
lower  value  which  is  indicated  by  the  instrument, 
provided  it  is  graduated  to  read  potential  difference  at 
its  terminals  or  at  the  ends  of  calibrated  lead  wires. 
A  similar  reading  may  be  obtained  with  the  instrument 
here  described  if  the  rheostat  C  £  is  set  at  a  marked 
position  such  that  r,  =  ri,  since  with  this  adjustment 
the  instrument  measures  potential  drop  across  its 
terminals. 

Often  however,  the  measurement  actually  desired  is 
the  potential  drop  which  existed  across  the  resistance 
without  the  millivoltmeter  being  connected.  This 
value  which  may  be  obtained  potentiometrically  is  also 
readily  measured  by  the  compensated  indicator,  as 
will  be  seen  in  the  following  section.  When  the 
rheostat  C  B  is  so  adjusted  that  the  deflection  of  the 
instrument  is  the  same  with  the  key  open  or  closed,  the 
reading  is  the  potential  drop  which  would  exist  were 
the  instrument  disconnected.  One  method  employed 
for  compensating  for  irreproducibility  of  the  tempera- 
ture-e.m.f .  relation  of  different  thermocouples  of  a  given 
type  is  by  the  use  of  shunt  and  series  resistance  in  the 
head  of  the  couple.^ 

2.  See  Foote,  Harrison  and  Fairchild,  "Thermoelectric  Pyro- 
metry,"  Pyrometer  Symposium,  Chicago,  1919. 
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An  ordinary  millivoltmeter  reads  the  potential  drop 
existing  across  the  shunt  when  the  instrument  is 
connected.  This  value  depends  upon  the  resistance  of 
the  indicator.  The  reduction  in  the  observed  e.m.f .  of 
the  couple  (potential  drop  across  the  shunt)  is  greater 
the  lower  the  resistance  of  the  meter.  With  the  com- 
pensated indicator  however,  the  ratio  of  the  shunt  and 
series  resistances  may  be  definitely  adjusted  and  the 
instrument,  regardless  of  its  resistance,  will  always 
indicate,  similarly  to  a  potentiometer,  that  proportion 
of  the  e.m.f.  e  developed  by  the  couple  which  is  repre- 
sented by  the  expression 


e . 


shunt  resistance 


(shunt  resistance  +  series  resistance) 


Fia.  li — In  Conjunction  With  any  Potentiometer  of 
LOW  Resistance  the  Instrument  Produces  a  Perfectly 
Compensated   Deflection   Potentiometer 


Deflection  Potentiometer 

The  compensated  indicator  may  be  used  as  a  galvan- 
ometer in  conjunction  with  an  ordinary  potentiometer 
of  low  resistance  forming  a  perfectly  compensated 
deflection  potentiometer,  the  compensation  being 
effected  by  the  adjustment  of  r,  in  the  manner  already 
described. 

This  is  shown  in  the  following  discussion,  a  special 
case  of  which  resolves  itself  to  the  condition  above 
mentioned  in  which  the  instrument  may  be  used  to 
measure  the  potential  drop,  which  existed  before  the 
instrument  was  connected,  over  a  resistance  carrying 
a  current. 

Fig.  3  illustrates  the  use  of  the  instrument  as  a 


1920]  T.  R.  HARRISON  AND  P.  D,  FOOTE  387 

deflection  potentiometer.  The  potentiometer  circuit 
consists  of  the  battery  E  and  the  resistances  fo  and  r^ 
the  latter  including  the  internal  resistance  of  the  bat- 
tery. When  the  indicator  or  galvanometer  circuit  is 
broken,  for  example  at  A,  the  potential  drop  Ci,  across 
Ta  is  given  by  equation  (20) : 

Upon  connecting  the  instrument  to  the  potentio- 
meter so  that  the  e.m.f .  e  of  the  thermocouple  (or  any 
source  of  e.m.f.)  T  opposes  ei,  the  currents  flowing 
through  Ta  and  r^  are  unequal  and  different  from  the 
original  value.  Assume  that  the  currents  now  flowing 
are  as  indicated  in  the  figure,  I  being  the  current  in  Va, 
i  the  current  in  the  indicator  or  galvanometer  circuit, 
and  I  +  i  the  current  in  r^.  Since  the  sum  of  e.m.fs. 
and  potential  drops  around  any  closed  circuit  is  zero, 
the  following  two  equations  may  be  written: 

E  =  (ra  +  n)I  +  rti  (21) 

e    =ral-  Ri  (22) 

in  which  R  equals  the  resistance  of  the  circuit  from  Af , 
through  ABC DF H  etc.  back  to  N.  Substituting 
the  value  of  I  from  equation  (21)  in  equation  (22)  and 
subtracting  this  value  of  e  from  the  value  of  e^  given  by 
equation  (20)  we  obtain: 

This  is  the  equation  of  a  deflection  potentiometer.' 
If  now  the  resistance  r,  is  so  adjusted  that  the  reading 
of  the  instrument  is  the  same  whether  the  key  K  is 
closed  or  open,  we  have  the  following  relations:  Repre- 
senting the  values  of  i  with  the  key  open  and  closed 
respectively  by  i'  and  i",  we  have  for  the  potential 

drops  across  D  F  in  the  two  cases,  i'  rs  and  i"        ^  * 


Tz  +  r^' 
Equating  these  we  obtain : 

3.  For  general  theory  and  design  of  deflection  potentiometers 
see  Brooks,  Bull.  Bu.  Stds.  Vol.  8,  1911,  p.  395  (Soi.  paper  172) 
and  p.  419  (sci.  paper  173). 
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^.  =  i^  rL±J±  (24) 

the  condition  necessary  for  equal  deflections. 

We  also  have  the  values  R'  and  R"  for  R  with  the  key 
open  and  closed  respectively. 

R'    =  r,  +  L  +  T  +  r2  +  rs  '  (25) 

j^,  ^    {r^  +  L  +  T)  (r>  +  rQ  +  Tz  u        ,26) 

rs  +  r4 

From  equation  (23)  it  follows  that: 

since  both  Ci  and  e  are  independent  of  72,  e  being  the 
e.m.f.  of  the  couple  and  ei  being  defined  by  equation 
(20).  If  the  values  of  R'  and  iZ*'  from  equations  (25) 
and  (26)  and  the  value  of  i"  in  terms  of  i'  from  equation 
(24)  are  substituted  in  the  above  equation,  we  obtain: 


^'^'    =r,+L  +  T  +  -^  (27) 


But  by  the  construction  of  the  instrument  ri  = 


rs 

Hence  from  equation  (25),  R'  =   ^'  +^^+J^-^art  ^ 

If  this  value  of  R  =  R'  is  substituted  in  equation  (23) 
we  obtain: 

ei-  e  =  i(ri  +  u  +  r^)  (28) 

The  compensated  indicator  is  calibrated  for  a  total 
resistance  ri  +  ra  +  rj  so  that  the  current  i  flowing 
through  the  instrument  produces  a  deflection  which 
indicates  directly  the  difference  between  the  e.m.f.  e  of 
the  couple  and  the  potential  drop  ei  existing  across  ra 
with  the  instrument  disconnected.  The  potentio- 
meter  is  graduated  to  read  the  value  of  d.  Thus  when 
the  compensated  indicator  is  used  as  the  galvanometer  of 
an  ordinary  potentiometer,  a  deflection  potentiometer  is 
obtained  which  requires  no  compensation  other  than  that 
provided  by  the  indicator. 
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Evidently  the  instrument  has  the  disadvantage  for 
continuous  use  as  a  deflection  potentiometer  tiiat  a 
new  adjustment  is  required  whenever  the  dial  setting 
of  the  potentiometer  is  changed  enough  to  cause  a 

material  difference  in  the  value  of.    "/v  .    In  any 

form  of  a  deflection  potentiometer  however,  changes  in 
the  resistance  of  the  couple  and  leads^  unless  compen- 
sated for,  will  introduce  errors  in  the  galvanometer 
readings.  The  ordinary  deflection  potentiometer  may 
be  provided  with  a  rheostat,  in  series  with  the  couple 
and  galvanometer,  which  is  adjusted  until  the  full  s(^e 
range  is  equivalent  to  one  step  on  the  dial.  The 
instrument  here  described  compensates  simultaneously 
for  changes  in  both  the  couple  resistance  and  potentio- 
meter resistance.  This  adjustment  is  simpler  than  the 
adjustment  for  scale  sensitivity  of  the  ordinary 
deflection  potentiometer,  and  hence  if  the  resistance  of 
the  couple  varies  seriously,  the  new  type  of  deflection 
potentiometer  appears  to  be  the  more  easily  operated. 
If  in  equation  ( 28)  we  let  e  =  0,  we  obtain  the  condi- 
tion which  applies  when  the  c(»npensated  indicator  is 
connected  across  a  resistance  carrying  a  current.  It 
follows  directly  from  the  reasoning  presented  above  that 
the  instrument  indicates  the  potential  drop,  ei,  which 
would  exist  if  the  instrument  were  not  connected^ 

Calibration  of  the  Compensated  Miluvoltmetesr. 

Another  useful  application  of  this  feature  may  be 
employed  in  calibrating  the  scale  of  the  indicator.  The 
scheme  of  connections  is  the  same  as  that  shown  in 
Fig.  3  except  that  there  is  no  thermocouple  T  in  the 
circuit.  The  instrument  is  connected  directly,  with  the 
proper  polarity  to  give  positive  deflections,  to  the 
e.m.f.  terminals  of  a  potentiometer  of  sufficiently  low 

resistance  that,  for  all  settings,      .    "_[''   .    plus  the 

resistance  L  of  any  leads  employed  is  not  greater  than 
fi,  and  the  galvanometer  terminals  of  the  potentio- 
meter are  short-circuited.  When  the  resistance  C  B  is 
so  adjusted  that  the  deflection  of  the  indicator  is 
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unaltered  by  depressing  the  key  K,  the  reading  of  the 
potentiometer  gives  the  value  of  the  e.m.f.  which  shordd 
be  indicated  by  the  millivoltmeter.  The  other  obvious 
method  of  calibrating  the  instrument  in  terms  xft  the 
potential  drop  across  its  tenninals^when  the  resistance 
fx  =  fi  is  not  as  simple  experimentally,  and  the  former 
method  is  applicable  at  any  temperature  when  the 
shunt  resistance  ri  is  constructed  with  the  proper  .ratio 
of  manganin  to  copper  (see  equation  16)  necessary,  to 
give  a  zero  temperature  coefficient.  With  th^  latter 
method  however,  the  calibration  should  be  made  at  the 
temperature  for  which  a  definite  marked  position  of  the 

rheostat  C  -B  =  ri  =  —1-1  .    This  position  can  be  a 

definite  one  at  only  one  temperature  for  a  compensated 
instrument,  if  the  simple  indicator  has  a  temperatiu^ 
coefficient.  However,  the  errors  likely  to  arise  from 
not  considering  this  factor  are  usually  of  negligible 
importance. 

Use  of  Compensated  Millivoltmeter  for  Measure- 
ment OF  Potential  Drop  Across  A  Network 

It  follows  from  the  above  discussion  that  the  com- 
pensated indicator  may  be  used  to  measure  the  true 
potential  difference  between  any  two  points  of  a  com- 
plicated network  existing  were  the  instrument  not 
connected.  In  this  respect  the  instrument  acts  as  a 
potentiometer.  This  is  more  clearly  demonstrated  as 
follows: 

In  Fig.  4  let  r  =  resistance  of  network  between  M 
and  N,  excluding  branch  M  P  N. 

R  =  resistance  of  branch  M  P  N. 

€2  =  potential  drop  across  M  N  for  condition  1. 
Primed  letters  refer  to  condition  2,  unprimed  letters  to 
condition  1. 

The  current  Imn  which  flows  from  M  to  N  when  an 

e.m.f.  E  is  introduced  in  the  branch  C  D  of  the  network 

is  equal  to  the  current  i'cD  which  flows  from  C  to  D 
when  the  same  e.m.f.  is  introduced  in  the  arm  Af  N*, 


4.  Jeans  Math.  Theory  of  Elec.  and  Mag.  3rd  Ed.  p.  327.     See 
also  Maxwell. 
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These  two  conditions  are  shown  by  (a)  and  (b)  of  Fig.  4. 


hat    =  i'cD  by  the  above  theorem. 
E 


(29) 


hts     — 


*  CD      = 


R  +r 

E 

R  +r 


from  Ohm's  law.    Hence: 


K  where  liT  <  1  is  a  constant 


depending  upon  the  values  and  the  grouping  of  the 
separate  resistances  of  the  network.    Also, 


Condition  1 
(a) 


■mn 


Condition  2 
(b) 

E 
i 


Fig.  4 — Showing  General  Deflection  Potentiometer 
Principle,  or  Potentiometric  Nature  of  Readings  by 
THE  Compensated   Instrument 


^MN       — 


€2         = 


ej 

z= 

E 

R 

R  +  r 

E 

/•Tk    xV 

K    or 


(30) 


(31) 


1+r/R 

When  R  =  oo  let  C2  =  ei,  whence  from  equation  (31) 
Ci  =  E  K.  Substituting  this  value  of  K  =  ei/E  in 
equation  (30)  we  obtain: 
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,       i-K    =  -^  (32) 

Thus  the  current  flowing  in  the  branch  R  is  equal  to 
the  potential  drop  across  Af  N  with  the  branch  circuit 
open,  divided  by  the  total  resistance  of  the  circuit. 

Suppose  the  branch  circuit  to  be  the  compensated 
indicator.  The  current  flowing  through  the  instru- 
ment is  given  by  equation  (32),  and  the  two  values  R' 
and  R"  of  R  (key  open  and  closed)  are  expressed  by 
equations  (25)  and  (26).    Hence: 

Key  open  i'     = 


Key  closed  i"  = 


r,  +  L  +  T  +  r2  +  u  +  r 

ei 

(r,  +  L  +  r)  +  7^^^  +r 


If  fx  is  adjusted  for  equal  deflections  with  the  key  open 
and  closed  we  may  substitute  these  values  of  i'  and  i" 
in  equation  (24)  and  obtain: 

^-^-^  =  r^  +  L  +  T  +  r  =  ri  (33)  as  in  equation  (27) 

Thus  with  the  key  open  ^i  =  i'  (fi  +  7*2  +  rs).  The 
instrument  is  calibrated  for  the  total  resistance 
(^1  +  ^2  +  Ts)  so  that  the  current  i'  produces  a  deflec- 
tion which  indicates  directly  the  true  potential  differ- 
ence Bi  existing  between  any  two  points  of  a  network. 
If  there  are  several  e.m.fs.  Eu  £2,  etc.  in  different  arms 
of  the  network,  it  readily  follows  that  the  instrument 
still  measures  the  true  potential  drop,  on  open  external 
circuit,  between  any  two  points  to  which  it  is  connected. 

Double  Scale  Range 

Figs.  5  and  6  illustrate  modifications  of  the  simple 
design  shown  in  Fig.  2  to  permit  the  use  of  two  different 
e.m.f  scales.  In  Fig.  5  the  resistances  ri  and  r%  are 
increased  in  the  same  ratio  and  by  such  an  amount  that 
the  total  resistance  r/  +  r2'  +  r^  gives  the  desired 
sensitivity  for  the  high  range  scale.    Thus  ri/r%  = 
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ri/r%  =  rjrz  and  the  factor  for  the  magnification  of 
errors  is  the  same  with  either  range.  With  the  plug  in 
at  P,  r/  —  fi  and  r^'  —  r^  are  short-circuited  and  the 
instrument  operates  on  the  low  range  scale.  With  the 
plug  out  Ti  is  increased  by  the  fixed  resistance  r/  —  fi 
and  r2  is  changed  to  r^\  and  the  instrument  operates  on 
the  high  range  scale. 


a 


Figs.    5    and  6 — Double   Range   Instruments,   Compen- 
sated IN  Either  Range 

In  the  design  shown  by  Fig.  6  the  resistances  rs  and 
T^  are  increased  in  a  similar  manner  such  that  ri/r% 


Use  of  an  Unadjustable  Value  for  ri 

In  the  foregoing  discussion  adjustment  of  the  resist- 
ance ri,  which  consists  in  part  of  the  line  and  couple, 
has  been  considered.  As  has  already  been  pointed  out, 
if  any  of  the  four  resistances  in  Fig.  2  is  adjusted  to  give 
equal  galvanometer  deflections  with  the  key  open  and 
closed,  the  relation  ri/r2  =  Vi/rz  will  be  established. 

In  Fig.  7,  fs  is  made  equal  to  Ta,  and  its  value  is 
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chosen  such  that  the  instrument  reads  correctly  when 
the  total  resistance  of  the  circuit  equals  fa  +  fi  +  r, 
where  r^  +  r^  \&  the  total  resistance  of  the  rheostat. 
With  this  arrangement  fi  =  L  +  T.  When  switch  S 
is  in  position  B\  adjustment  for  equal  deflections 
makes  fi  =  r2,  (since  r*  =  fa).  After  this  adjustment 
switch  S  is  thrown  into  position  B,  and  the  resistance 
of  the  circuit,  L  +  T  +  r,  +  rs  equals  fs  +  y*.  +  ft, 
the  resistance  for  which  the  instrument  reads  correctly. 
The  process  of  adjusting  is  to  close  the  key  K  and  read 
the  instrument,  open  the  key  and  adjust  the  rheostat 
until  the  instrument  shows  the  same  deflection,  and 
then  throw  S  into  the  opposite  position.  The  method 
has  the  advantage  that  the  reading  with  the  key  closed 


xjgoyvvvv 


B 


H 


Pig.  7 — Modification   op   Pig.  2 


is  independent  of  the  setting  of  the  rheostat;  therefore, 
when  adjusting  the  rheostat  with  the  key  open,  the 
reading  to  which  the  instrument  should  be  brought  is 
accurately  known.  It  is  immaterial  which  way  switch 
S  is  set  during  the  adjustment,  provided  its  position  is 
changed  after  the  adjustment  has  been  made.  Three 
disadvantages  will  be  noted.  (1)  Since  r^  =  r^,  there 
is  no  multiplication  of  errors  in  setting;  (2)  an  extra 
switch  S  is  required,  and  this  switch  must  be  operated 
each  time  an  adjustment  is  made;  (3)  any  contact 
resistance  existing  in  the  rheostat  will  alter  the  final 
resistance  of  the  circuit  by  double  this  amount. 
Such  contact  resistances  constitute  no  error  in  the 
instrument  shown  in  Fig.  2. 

Fig.  8  shows  a  design,  somewhat  similar  to  that 
illustrated  by  Fig.  7,  which  is  modified  to  give  a 
multiplication  of  errors  on  setting.    Resistance  Ta  is 
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made  equal  to  rs/m,  where  m  is  any  desirable  factor  for 
multiplication  of  errors.  The  total  resistance  r,  +  fy 
of  the  upper  rheostat  is  made  equal  to  the  maximum 
allowable  line  and  couple  resistance.  The  total  resist- 
ance of  the  rheostat  of  which  r^  is  part  is  made  equal  to 
w  (r,  +  fy).  Adjustment  for  equal  deflections  with 
switch  S  at  JB'  makes  r^  -  m  {L  +  T),  whence,  since 
the  two  rheostats  are  adjusted  simultaneously,  ty 
=  L  +  r.  This  is  removed  from  the  circuit  upon 
setting  switch  S  in  working  position  B.  Resistance 
fa  in  Fig.  8  is  made  less  than  fa  in  Fig.  7,  in  order  to 
compensate  for  a  higher  value  of  r^.  Resistance  C  is 
added  to  bring  the  total  resistance  of  the  circuit  in  the 
operating  position  up  to  the  proper  value. 


rx 


B 


(^ 


A 
H 


Fig.  8 — Modification  op  Fig.  7  Arranged  for  Accuracy 

OF  Adjustment 


In  Fig.  9  the  resistance  u  is  adjustable.  By  con- 
struction Ti  is  made  equal  to  ra.  Switch  S  is  closed  and 
U  is  adjusted  until  equal  deflections  of  the  galvanometer 
are  established.  This  makes  r4  =  ri  =  L  +  T.  Open- 
ing switch  S  adds  resistance  r,  to  the  circuit,  making  the 
total  resistance  equal  tovi  +  r^  +  x,  the  resistance  for 
which  the  instrument  is  calibrated.  With  S  closed  and 
K  open  the  reading  is  independent  of  the  setting  of  the 
rheostat.  This  reading  is  noted.  With  switches  K 
and  S  closed  Vi  is  adjusted  until  the  reading  is  the  same 
as  that  determined  above.  The  factor  m  increases 
rapidly   as   resistance   L  +  T  (  =  ri)   decreases.     Its 


^ue  is  given  by  the  expre^on  -  -  ^^^, 
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Compensated  Miluvoltbieter  with  rs  «  0 

The  circuit  for  an  instrument  designed  according  to 
equation  (7)  in  which  u  =  0  is  shown  by  Fig.  10.  The 
instrument  possesses  many  advantages ,  one  of  these 
being  the  complete  elimination  of  objectionable  effects 


Fig.     9 — Another  Modification  of  Fig.  2 

of  contact  resistances.  It  is  further  possible  to  com- 
pensate for  temperature  coefficient  by  the  well  known 
Swinburne*  method,  to  obtain  any  desirable  magnifica- 
tion ratio  for  errors,  and  to  secure  an  instrument  which 


'     4  ?    1 

2     {'.     * 

■  •         ^ 

iPT" 

J, 

\'(b 

1^4 

B 


HT 


Fig.     10 — Closed  Shunt  Type  of  Compensating  Indicator 

is  satisfactorily  damped  either  with  the  key  open  or 
closed.  Where  a  desirable  magnification  ratio  cannot 
be  otherwise  obtained  a  battery  may  be  inserted  be- 
tween C  and  K,  Fig.  10.  The  proportioning  of  the 
various  resistances  is  illustrated  by  the  following  dis- 
cussion: 

Let  t'    =  current   through    the   galvanometer   coil 

necessary  to  produce  full  scale  deflection, 
e'    =  maximum  e.m.f.  measured  =  highest  scale 
reading. 

5.  Hallo  and  Land,  Electric  and  magnetic  measurements  and 
measuring  instruments,  1906,  p.  2d0. 
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Rg  =  resistance  of  the  moving  copper  coil. 
m   =  magnification  ratio  for  errors 

(key  closed \ 
key  open  / 

Rd  =  proper  damping  resistance. 
Hence: 

(rs  +  U  +  u)  {u  +  u)  ^      ^  ^ 

(Scale  range)  (34) 
Equation  (34)  is  the  condition  for  scale  range  such  that 
an  e.m.f.  e'  produces  a  full  scale  deflection. 

r\/r2  =  Ti/r^  (Key  adjustment)         (35) 

Equation  (35)  is  deduced  as  shown  by  equation  (7)  and 
expresses  the  condition  that  the  deflection  of  the  gal- 
vanometer is  the  same  with  the  key  K  open  or  closed. 

R 

Ti  +  r2  =  (r4  +  re) ^^-      (Temperature  compen- 

ra  -  tig  sation)  (36) 

Equation  (36)  imposes  the  condition  for  temperature 
compensation  by  the  Swinburne  method.  The  resist- 
ances r4  and  fe  must  be  of  copper. 


+  Ta-  T^ 


TiTfi 


be'  rz  +  u+    rj  +  u 


w       be'  r,  +  r2  +  ^^  (X,  +  u) 

(Errors)  (37) 
Equation  (37)  shows  the  relation  between  the  error  in  a 
setting  with  the  key  open  and  with  the  key  closed. 
This  is  derived  in  a  manner  similar  to  that  employed  in 
the  discussion  of  Fig.  2.  For  this  relation  r^  is  roughly 
zero. 

p.       r    _L    (^1  +  'T'l)  (^4  +  U)        ^     ,     (ri  +  rz)  u 

^1  +  ^2  +  Ti  +  re  Ti  +  Ti 

(Damping)    (38) 

Equation  (38)  gives  the  total  resistance  of  the  galvano- 
meter circuit  with  the  key  open.  This  should  equal 
the  proper  damping  resistance  which  is  slightly  greater 
than  the  critical  damping  resistance.     It  will  be  noted 
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that  when  the  resistance  r,  is  adjusted  for  identical 
deflections  with  the  key  open  and  closed  the  resistance 
effective  in  damping  is  the  same  with  the  key  in  either 
position,  and  hence  if  the  instrument  is  properly  damped 
with  the  key  open,  it  will  be  properly  damped  with  the 
key  closed. 

The  above  5  equations  serve  to  determine  the  5 
variables  fi,  r^,  fa,  u,  and  u.  However,  the  condition 
for  proper  damping,  equation  (38),  need  not  be  satisfied 
exactly.  The  behavior  of  an  instrument  usually  allows 
considerable  tolerance  in  the  value  of  Rd.  Hence  in 
order  to  obtain  wide  limits  for  construction,  the  first 
four  equations  may  be  solved  as  indeterminants  and 
the  best  values  of  the  resistances  consistent  with  a 
suitable  damping  resistance  may  be  chosen  for  the 
final  design.  The  third  term  in  the  numerator  of  the 
right  hand  member  of  equation  (37)  is  usually  small. 
In  place  of  equation  (37)  we  shall  assume  the  following 
relation: 

1  ri+u 


Ti  +  r2  + 


rz  +  r4  +  u 

(39) 

The  solution  of  equations  (34),  (35),  (36),  and  (39)  is 
as  follows: 

ri  = ^^ (40) 


^''l^"  {u-rI)%-u)    ] 


u^S-u^u^  J'\  (41) 

Tz  —  tig 

U  =    *"'  ^''' ~  ^'^  (42) 

tig 

r.  =  -^  (43) 

The  following  example  illustrates  the  method  of 
applying  the  above  equations:  It  is  desired  to  convert 
an  ordinary  millivoltmeter,  scale  range  0-15  milli- 
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volts  into  the  above  compensated  instrument  having  a 
scale  range  0—60  millivolts.  The  reostance  of  the 
simple  indicator  is  250  ohms  of  which  the  copper  con- 
tent Rg  =  60  -ohtns.  The  instrum«it  if  suitably 
deogned  is  accordingly  properly  damped  on  Ri  =  250 
ohms.  Since  the  scale  range  is  to  be  increased  by  the 
factor  4,  the  value  of  S  =  4  X  250  =  1000  ohms. 
Let  K  =  10.  Thb  is  closely  equal  to  m  the  magnifica- 
tion ratio  for  sen^bility  to  changes  in  fi  with  the  k^ 
closed.  For  various  assumed  values  of  ri  compute  Ti 
from  equation  (40).  For  corresponding  values  of  Ti 
and  f]  compute  ri'from  equation(  41).  Similarly  for 
equations  (42)  and  (43). 

The  following  table  illustrates  the  results  thus 
obt^ed: 
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33,3 

460 

400 

10.3 

300 

17.  B5 

607 

71.4 

2428 

800 

10.7 

Any  of  the  above  designs  gives  a  millivoltmeter  of 
scale  range  0—60  millivolts,  compensation  for  temper- 
ature coefficient  by  the  Swinburne  method  and  complete 
elimination  of  the  error  due  to  uncertain  line  drop. 
The  values  corresponding  to  rj  =  80  furnish  the  proper 
damping,  250  ohms,  characteristic  of  the  particular 
instrument  selected.  If  we  substitute  the  values  of 
the  various  resistances  in  equation  (37)  we  obtain 
m  =  10.2  which  gives  the  ratio  of  sensitivities  with  the 
key  closed  and  open. 

If  equations  (40)  to  (43)  do  not  furnish  satisfactory 
values  for  the  resistances  with  a  suitable  choice  for  K, 
equation  (36)  may  be  omitted  and  equations  (34),  (35) 
and  (39)  may  be  solved  indeterminately  simiUr  to  tt« 


i 
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manner  above  outlined.  If  the  final  choice  of  values 
for  the  various  resistances  results  in  an  excessive 
temperature  coefficient  of  the  compensated  instrument, 
this  can  be  minimized  by  making  t,  and  rg  of  unequal 
temperature  coefficients,  thus  allowing  the  adjustment 
of  fi  to  vary  with  the  temperature  as  was  done  with  the 
instrument  illustrated  by  Fig.  2? 

The  instrument  on  the  right  in  Fig.  11  is  an  ordinary 
millivoltmeter.  The  other  instrument  is  the  com- 
pensated millivoltmeter  constructed  according  to  the 
wiring  diagram  shown  in  Fig.  2.     It  will  be  noted  that 


the  additional  wiring  requires  no  alteration  in  the  size 
of  the  finished  instrument. 

Summary 

A  new  principle  has  been  developed  whereby  an 

ordinary  millivoltmeter  may   be  converted   into  an 


H    This 


more  fully  and  will  apiK'iir  in  ;in  (larly  issinc  iif  llio  Joupnal 
Wash.  Acatl.  of  Sri.  In  this  tri^almciit  tlii'  itompousntion  for 
fioeflli'ieni  of  sprinKH  ami  inttKnot  is  eonsidiTud.  This  rondition 
is  mor<>  oasily  iratisticd  thau  is  Ihat  required  by  tjq.  (88).  This 
method  in  useful  in  luaking  low  range  in stru meats. 
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instrument  in  which  the  usual  errors  arising  from  a 
variable  line  resistance  are  entirely  eliminated.  All  of 
the  several  modifications  described  afford  some  simple 
means  by  which  the  total  resistance  of  the  galvano- 
meter circuit,  internal  and  external,  is  adjusted  to  a 
preassigned  value  for  which  the  scale  of  the  instrument 
is  calibrated.  In  one  form  now  manufactured  the 
instrument  consists  of  an  adjustable  resistance  r.  in 
series  with  the  moving  coil  and  swamping  resistance  of 
the  millivoltmeter.  On  depressing  a  key  part,  fa,  of 
the  swamping  resistance  is  short-circuited  and  the 
remaining  part  together  with  the  moving  coil,  fa,  is 
shunted  by  a  resistance  Ta.  The  instrument  is  cali- 
brated in  terms  of  the  potential  drop  across  its  terminals 
for  a  maximum  value  of  r,  =  ri.  In  the  construction 
the  resistances  are  proportioned  according  to  the 
relation  r2  r4  -  ri  fs.  If  the  resistance  r,  is  so  adjusted 
that  the  deflection  of  the  pointer  is  unchanged  by 
depressing  the  key  it  is  shown  that  the  total  resistance 
of  the  circuit  js  that  for  which  the  instrument  is  cali- 
brated, the  sum  of  Tx  and  all  external  resistance  being 
thus  made  equal  to  ri.  Hence  it  follows  that  the 
instrument  measures  true  e.m.f.  in  a  simple  circuit,  or 
if  connected  across  a  resistance  or  network  through 
which  a  current  flows  it  indicates  the  potential  drop 
which  would  have  existed  had  the  instrument  not  been 
connected.  In  this  respect  it  functions  as  a  potentio- 
meter, yet  it  does  not  operate  on  the  potentiometric 
principle  since  it  does  not  require  a  standard  cell  or  an 
auxiliary  battery,  the  only  e.m.f.  employed  in  the 
adjustment  being  that  of  source  measured. 

By  constructing  r^/fi  equal  to  from  5  to  10  it  is 
possible  to  adjust  r,  with  5  to  10  times  the  precison 
necessary.  Thus  if  the  galvanometer  can  be  read  to 
1/10  of  a  scale  division  the  line  resistance  may  be 
adjusted  with  a  precision  equivalent  to  1/100  of  a  scale 
division,  which  is  at  least  10  times  the  accuracy  possible 
with  any  indicating  instrument.  This  principle  of 
magnification  of  errors  greatly  facilitates  the  proper 
adjustment  of  r^.  By  varying  the  copper  to  manganin 
ratio  in  ri  it  is  possible  to  produce  a  compensated 
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instrument  of  zero  temperature  coefficient  from  a 
millivoltmeter  having  an  excessive  copper  content. 

The  instrument  may  be  used  as  a  galvanometer  with 
an  ordinary  potentiometer,  forming  a  deflection  poten- 
tiometer which  requires  no  compensation  other  than 
that  provided  by  the  indicator.  Such  an  instrument 
is  especially  serviceable  in  thermocouple  work. 

The  compensated  millivoltmeter  may  be  used  in 
multiple  installations  of  thermocouples  having  different 
line  resistances,  as  many  resistances  fx  being  employed 
as  there  are  couples.  These  may  be  inexpensive 
rheostats,  one  located  in  each  line  between  the  couple 
and  selective  switch,  and  still  the  accuracy  of  adjust- 
ment will  be  as  high  as  though  precision  rheostats  were 
employed. 

Methods  are  described  for  constructing  instruments 
of  double  scale  range  with  compensation  in  both  ranges. 

Specifications  are  given  for  an  instrument  which 
compensates  for  line  resistance,  which  has  a  zero 
temperature  coefficient,  and  which  is  properly  damped 
either  with  the  key  closed  or  open. 
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Discussion  on  "A  Precision  Galvanometric  In- 
strument FOR  Measuring  Thermoelectric  E. 
M.  Fs."  (Harrison  and  Foote),  New  York, 
N.Y.,  February  20, 1920. 

J.  B.  Whitehead:  In  the  abstract  the  statement 
is  made:  "The  instrument  measures  true  e.  m.  f.  in 
a  simple  circuit,  or  if  connected  across  a  resistance 
or  network  through  which  a  current  flows  it  indicates 
the  potential  drop  which  would  have  existed  had  the 
instrument  not  been  connected;"  which  suggests 
that  the  instrument  takes  no  current,  or  functions,  as 
does  the  electrostatic  voltmeter.  This,  however, 
cannot  be  true — hence  my  question.  It  is  quite  obvious, 
that  even  if  limited  to  correction  of  drop  in  the  leads, 
the  principle  has  ^reat  value  for  refined  measurements. 

A.  E.  Kennelly:  It  is  very  important  to  be 
able  to  secure  potentiometer  apparatus,  so  compen- 
sated that  no  errors  are  produced  by  introducing  it 
into  the  circuit  it  measures.  The  principle  repre- 
sented here  is  a  very  general  application  and  it  ought 
to  prove  very  valuable  to  laboratory  men. 

W.  D.  A.  Peaslee:  In  connection  with  instru- 
ments for  measuring  thermo-electric  currents  of  this 
kind,  I  recently  ran  into  an  interesting  phenomenon 
that  may  be  of  interest  to  you.  In  using  some  rather 
high  temparature  kilns  in  the  manufacture  of  porce- 
lain, we  began  to  get,  imder  certain  conditions,  very 
freaky  readings  on  the  thermocouples.  They  were 
used  in  certam  parts  of  the  kiln,  some  base  metal 
couples,  and  in  other  parts  rare  metal  couples.  On 
the  recommendation  of  some  men  who  we  thought 
knew  more  about  the  matter  than  we  did,  we  were 
using  switches,  and  installed  indicating  and  recording 
instruments,  and  got  some  very  peculiar  readings. 
We  got  readings  after  the  apparatus  had  been  in  opera- 
tion a  little  while,  that  were  the  sum  of  the  base  metal 
and  rare  metal  readings,  and  got  a  reading  that  would 
be  the  difference  in  these  readings  and  then  some 
that  were  some  integral  of  the  two.  Then  we  would 
have  readings  for  a  while  that  did  not  seem  to  mean 
anything.  We  finally  got  into  it,  and  I  came  to  the 
conclusion  that  there  was  some  sort  of  ionic  con- 
duction through  the  terrifically  hot  gases  of  the  kiln 
that  gave  us  a  leakage  combined  with  a  dust  leakage, 
which  was  in  the  switch.  The  manufacturers  of  these 
instruments  stated  that  it  was  absolutely  impossible. 
By  the  simple  experiment  of  closing  the  dampers,  in 
some  of  the  gas  chambers,  we  proved  that  in  these 
high  temperatures  it  was  possible,  and  it  was  possible 
also  in  these  high  temperatures  to   get   electrified 
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'  drift  of  some  kind  that  made  your  errors  in  these 
instruments  of  too  great  a  magnitude  to  be  permissible 
in  that  work. 

We  had  a  very  interesting  thing  occur  which  the 
paper  brings  to  mind .  We  have  ind  icating  instruments 
on  the  kilns  by  which  the  kiln  operators  do  their 
firing,  and  they  read  a  log  from  these  indicating  instru- 
ments. If  the  men  happen  to  play  a  game  of  cards 
in  the  middle  of  the  night,  and  neglect  their  duty, 
it  results  in  rather  serious  consequences  in  the  kiln, 
and  everything  is  lovely  in  the  morning,  except  you 
have  lost  $10,000  or  $12,000  worth  of  porcelain. 
We  rigged  up  a  means  in  our  research  laboratory  by 
which  we  could  plug  the  recording  instrument  on  to 
any  indicating  instrument  at  will,  so  that  the  men  did 
not  know  what  indicating  instrument  was  on,  but 
through  some  rather  subterranean  channels,  I  foimd 
the  men  immediately  knew — we  could  not  figure  it 
out.  When  we  plugged  the  recording  instrument  and 
indicating  instrument  in  parallel,  to  a  thermo-coupled 
circuit,  whenever  the  man  reads  his  indicating  instru- 
ment, he  gets  a  static  kick  on  the  indicating  instnmient 
every  time  he  starts  reading  across.  He  has  eighteen 
couples  on  which  he  presses  a  button  to  take  his 
readings,  and  when  he  comes  to  the  one  to  which 
the  recording  instrument  is  coupled  he  gets  a  kick, 
and  he  says — "The  old  man  is  watching  me  on  that 
one,''  and  we  always  get  results  on  that  instrument. 
I  am  anxious  to  get  some  system  whereby  we  can  get 
our  recording  instrument  on  the  indicating  instrument 
without  their  knowledge. 

It  really  is  a  very  delicate  problem.  In  firing  porce- 
lain in  tunnel  kiln,  you  fire  to  very  nice  limits,  and 
not  only  that,  the  time  curve  to  be  arrived  at  is  very 
important  and  it  is  desirable  that  the  firing  process 
should  be  very  strictly  under  control. 

That  is  the  problem  on  which  I  would  like  to  keep 
some  of  the  men  interested  in  thermocouple  indica- 
tors and  recording  instruments — to  give  us  a  system 
where  we  can  put  in  30  or  40  indicating  and  a  few 
recording  instruments,  and  be  sure  of  our  results,  and 
also  to  be  sure  that  the  men  we  are  keeping  check  on 
are  not  as  well  posted  on  what  we  are  doing  as  we  are. 

E.  M.  Hewlett:  If  you  put  a  dummy  resistance 
near  to  the  instrument  itself,  you  might  know  these 
instruments  at  any  time,  without  this  kick,  I  should 
say. 

W.  D.  A.  Peaslee:  I  have  tried  that — I  will  admit 
that  none  of  the  manufacturers  agreed  with  me,  but 
I  have  become  used  to  that,  and  it  does  not  bother  me 
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SO  much  anymore.  I  believe  most  of  it,  some  sort  of 
a  charge,  due  to  the  friction  of  the  pai)er  roll  in  the 
recording  instrument,  giving  you  a  static  disturbance 
of  some  kind,  because  we  have  tried  all  sorts  of  ar- 
rangements, and  resistances  now  manufactured,  and 
have  not  been  able  to  prevent  a  snappy  kick  when  the 
button  is  pressed  in.  We  have  tried  one  thing  which 
will  be  put  in  sometime  during  this  week,  in  which 
we  disconnect  completely  the  recording  instrument,  and 
allow  it  to  discharge  itself,  and  after  that  is  done 
connect  the  thermo-couple  to  the  indicating  instru- 
ment. 

E.  M.  Hewlett:  What  I  meant  was,  instead  of 
letting  the  man  pick  out  the  particular  instrument, 
you  could  contrive  something  that  would  not  let  him 
do  that,  something  else  that  could  go  on  at  the  same 
time. 

W.  D.  A.  Peaslee:  That  is  what  I  was  aiming  to 
do,  but  they  have  me  outguessed  all  the  time. 

Clayton  H.  Sharp:  I  have  examined  with  a 
great  deal  of  interest  the  diagrams  which  are  given 
showing  how  an  ordinary  milli-ammeter  may  be  con- 
verted into  one  of  the  compensated  type.  There  are 
many  times  when  one  of  these  plans  of  connection 
might  be  used  to  advantage,  and  as  I  look  this  paper 
over,  the  Fig.  7  seems  to  offer  a  scheme  whereby  a 
very  simple  and  ordinary  milliammeter  can  be  ar- 
ranged so  that  it  will  work  on  this  compensated  prin- 
ciple. Of  course,  one  cannot  go  ahead  and  convert  any 
instruments  if  there  are  legal  restrictions  on  the  use  of 
this  plan,  but  inasmuch  as  the  development  has  come 
from  the  National  Bureau  of  Standards,  I  take  it 
that  that  condition  is  fulfilled.  I  think,  however,  we 
ought  to  be  warned  if  that  is  not  true. 

H.  B.  Brooks:  In  regard  to  Dr.  Whitehead's 
question  as  to  the  way  the  chief  advantage  is  reached. 
Of  course,  at  the  start  one  recognizes  that  network 
matters  are  not  always  evident  by  mere  inspection — 
it  is  necessary  to  trust  to  Kirchhoff's  laws,  and  rely  on 
your  mathematics,  to  a  certain  extent,  but  so  far  as  I 
can  I  will  illustrate  the  matter. 

Suppose  we  have  a  source  having  zero  internal 
resistance,  for  example,  a  storage  cell,  connected 
to  a  voltmeter  which  consists  of  a  moving  coil  of 
relatively  low  resistance  in  series  with  a  large  re- 
sistance. Suppose  further  that  we  connect  one  ter- 
minal of  a  shunt  resistance  to  the  terminal  of  the 
storage  cell  which  is  connected  directly  to  the  moving 
coil  of  the  instrument.  Now  if  we  connect  the  other 
end  of  the  shunt  resistance  to  the  other  pole  of  the 
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storage  cell,  the  voltmeter  will  show  no  change  in 
reading.  This  is  because  our  shunt  resistance  has  gone 
on  in  such  a  way  as  to  simply  load  the  soiu^e  a  little 
more.  If  we  connect  the  same  shunt  resistance  in 
parallel  with  the  moving  coil,  we  have  not  appreci- 
ably changed  the  current  through  the  series  resistance 
but  part  goes  through  the  shunt  and  the  deflection  is 
decreased. 

Instead  of  connecting  the  end  of  the  shunt  circuit 
to  the  junction  of  the  series  resistance  and  the  moving 
coil,  we  may  connect  it  at  some  intermediate  point  on 
the  series  resistance.  We  will  find  it  necessary  to 
cut  out  some  resistance  from  the  imshunted  part  of 
the  series  resistor  to  maintain  the  deflection  at  the 
original  value.  When  the  proper  relations  exist  for 
the  instrument  to  measure  true  e.  m.  f .,  the  additional 
current  drawn  from  the  source  is  so  divided  that  the 
current  which  flows  through  the  moving  coil  is  exactly 
equal  to  the  current  before  we  applied  the  shunt.  It 
is  not  evident  what  the  proportions  must  be,  but  it 
is  necessary  to  depend  on  the  mathematics  of  the  case. 

J.  B.  Whitehead:  Is  more  load  taken  from  the 
source? 

H.  B.  Brooks:  It  is;  more  current  is  supplied  by 
the  thermocouple  when  the  key  is  depressed.  In 
spite  of  this,  the  instrument  measures  the  true  e.  m.  f. 
of  the  couple. 

J.  B.  Whitehead:  It  is  suggested  in  the  second 
sentence  of  the  abstract  that  that  is  so. 

H.  B.  Brooks:  That  is  the  way  we  get  a  mag- 
nification of  the  rheostat  adjustment  error.  We  have 
an  adjustable  rheostat  which  compensates  for  the  re- 
sistance in  the  source.  The  instrument  may  be  so 
designed  that  if  the  reading  changes  by  one-tenth  of 
a  division  upon  closing  the  key,  the  error  due  to  in- 
correct adjustment  of  the  rheostat  with  the  key  open 
will  be  only  from  one-fifth  to  one-tenth  of  this  amount. 

Referring  to  the  question  regarding  legal  matters, 
the  authors  requested  that  any  question  of  that  sort 
that  might  be  asked  should  be  written  into  the  minutes 
of  the  convention,  and  that  the  question  be  transmitted 
to  them  in  order  that  they  might  reply  in  their  own 
words. 


Presented  at  the  Slh  Midwinter  Convention  of  the 
American  Institute  of  Electrical  Engineers, 
New  York,  February  20.  1920 . 

Copyright  1920.     By  A.  I.  E.  E. 


NOTES    ON    THE    SYNCHRONOUS 

COMMUTATOR 


BY  J.  B.  WHITEHEAD 

Professor  of  Electrical  Engineering,  Johns  Hopkins  University 

AND 

T.   ISSHIKI 

Engineer,  Shibaura  Engineering  Works 


In  the  use  of  the  83mchronou8  oommutator  in 
series  connection  as  a  suppressor,  serious  errors  may 
arise  due  to  relatively  small  amounts  of  capacity  in 
the  commutator  and  galvanometer  circuits.  The 
magnitude  of  these  errors  is  studied  for  a  number  of 
different  connections,  and  methods  for  eliminating 
them  are  pointed  out.  A  number  of  wave  forms  are 
given,  indicating  the  nature  of  the  errors. 

Used  as  a  shunt  suppressor  the  commutator  is  far 
more  reliable  and  this  method  of  connection  is  always 
to  be  preferred. 

An  appendix  gives  a  theoretical  analysis  of  two 
cases  investigated  and  shows  a  close  agreement  with 
the  experimental  observations. 


IN  certain  methods  of  measurement  of  the  crest 
values  of  high  alternating  voltages  it  is  necessary 
to  measure  accurately  the  average  values  of  very 
small  alternating  currents.  One  of  the  commonest  of 
these  methods  is  that  in  which  a  condenser,  in  series 
with  a  low  resistance,  is  placed  across  the  voltage  and 
the  voltage  drop  over  the  resistance,  due  to  the  charging 
current,  measured  on  an  instrument  of  D'Arsonval 
type  with  high  series  resistance,  through  the  use  of 
either  a  synchronous  commutator  or  rectifying  vacuum 
tubes. 

In  these  methods,  if  the  commutator  is  used  the  in- 
strument receives  either  a  rectified  alternating  current, 
made  up  of  both  half  waves,  or  a  uni-directional  pul- 
sating current,  made  up  of  alternate  half  waves  with 
the  intermediate  opposite  half  waves  cut  out  either  by 
opening  the  circuit  (series  commutator),  or  by  short- 
circuiting  the  instrument  (shunt  commutator) .  When 
the  commutator  is  used  so  as  to  eliminate  alternate 
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half  waves,  F.  Bedell  has  called  it  a  suppressor.  If 
the  rectifying  vacuum  tube  is  used  the  current  in 
the  measuring  instrument  is  always  pulsating  with 
alternate  half  waves  cut  out.  In  any  of  the  above 
mentioned  cases  the  instrument  reads  the  average 
current  in  terms  of  its  calibration  by  continuous  cur- 
rent. For  the  cases  in  which  the  current  is  pulsating, 
the  instrument  reading  is  multiplied  by  two  to  obtain 
the  average  value  of  the  condenser  charging  current, 
it  being  assumed  that  the  active  half  wave  of  charging 
current  is  accurately  reproduced  in  the  instrument 
and  that  in  the  intervening  half  wave  interruption  no 
current  flows  in  the  instrument.* 

Measurements  of  crest  value  by  these  methods  are 
probably  the  best  so  far  obtained,  but  apparently  no 
special  effort  has  been  made  to  put  them  on  a  precision 
basis.  When  a  sensitive  galvanometer  is  used,  the 
pulsating  character  of  the  current  raises  questions  as 
to  the  influence  of  capacitance  and  reactance  in  the 
instrument  circuit,  and  as  to  the  validity  of  the  factor 
2  mentioned  above.  The  observations  recorded  below 
show  that  under  certain  circuit  conditions  serious  errors 
may  arise. 

The  Apparatus 

The  commutator  used  in  the  experiments  was  six 
inches  in  diameter  and  had  six  brass  segments  3^-in. 
wide, insulated  from  each  other  by  Vsj-in. built-up  mica, 
and  from  the  hub  by  standard  V-shaped  commutator 
bushings.  Two  brass  rings,  6-in.  in  diameter  and 
}^-in.  wide,  were  mounted  one  on  each  side  of  the 
central  commutator  segments  and  insulated  from  them 
by  intermediate  bakelite  rings.  Screws  holding  the 
outer  brass  rings  in  place,  passed  through  the  bakelite 
connecting  the  outside  continuous  rings  to  opposite 
sets  of  three  alternate  commutator  segments.  The 
commutator  was  mounted  on  the  end  of  the  shaft 
of  thef6-pole  generator.     Four  brushes  of  Vcrini-  thick 

1.  F.  Bedell,  Journal  of  Franklin  InslituU,  No.  176,  1913,  p. 
385. 

2.  W.  E.  Sumpner,  Philosophical  Magazine,  p.  155,  Janu- 
ary 1905. 
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spring  bronze,  stifTened  with  backings  of  steel  spring, 
were  carried  on  a  graduated  bakelite  disk  arranged  for 
complete  rotation  about  the  axis  and  clamping  in  any 
position.  The  commutator  was  machine'<>onstructed 
throughout.  It  was  frequently  tested  for  insulation 
and  showed  throughout  a  resistance  of  the  order  10* 
megohms. 

The  6-pole  generator  was  single  phase  and  had  a 
capacity  of  5  kw.  at  60  cycles  and  120  volts.  It  was 
driven  by  an  adjustable-speed  continuous-current 
shunt  motor,  permitting  a  range  of  frequency  from  20 
to  90  cycles.  The  armature  was  surface  wound,  giving 
a  smooth  wave  approximating  closely  to  sine  shape. 

Two  D'Arsonval  galvanometers  were  used,  both  of 
suspension  type,  read  by  telescope  and  scale.  One, 
No.  24515,  had  a  resistance  of  115  ohms,  a  sensitivity 
of  40  megohms,  an  undamped  period  of  9.5  seconds, 
and  a  critical  damping  resistance  of  560  ohms.  The 
corresponding  figures  for  the  other  galvanometer,  No. 
23518,  were  1680  ohms,  1280  megohms,  22  seconds,  and 
3400  ohms.  The  sensitivities  for  the  two  instruments 
when  critically  damped  therefore  were  33  and  420 
megohms,  respectively. 

Commutator  as  Series  Suppressor 
Obviously  the  most  rigid  test  of  the  circuit  and  in- 
strument for  pulsating  current  is  to  apply  a  continuous 
electromotive  force,  chopping  it  up  into  alternate  in- 
tervals at  full  value  and  zero  value  by  means  of  the 
series  commutator,  as  indicated  in  full  lines  in  Fig.  1. 
The  complete  interruption  of  the  current  and  the 
sudden  application  of  the  full  electromotive  force 
accentuate  any  conditions  tending  to  upset  the  perfect 
rectangular  half  wave  alternating  with  a  half  period 
of  complete  interruption.  The  test  of  this  performance 
is  the  ratio  of  the  readmgs  of  the  galvanometer  with 
commutator  at  standstill  and  when  running.  This 
ratio  should  be  2,  This  arrangement  uses  only  two 
brushes  and  will  be  spoken  of  as  the  series  connection 
of  the  commutator. 

Fig.  1  shows  the  commutator  in  series  connection; 
that  is,  as  a  simple  make  and  break  device  in  the  circuit 
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containing  a  single  dry  cell  E,  resistance  R  =  10^  ohms 
and  r  =  10^  ohms  and  the  galvanometer  shimted  with 
its  critical  damping  resistance.  Several  different  tsrpes 
of  resistance  were  used  for  R;  a  series  of  carbon  lights 
ning  arrester  rods  aggregating  200,000  ohms,  a  series 
of  so-called  "lavite"  units  aggregating  10*  ohms,  and 
a  precision  set  of  non-inductive,  capacity-free,  man- 
ganin  units  aggregating  10*  ohms,  in  which  the  wire 
was  wound  in  single  layers  on  thin  micanite  plates, 
suspended  on  glass  rods. 

A  nimiber  of  observations  were  made  at  different 
speeds  of  the  commutator  C,  and  with  S  open  and 
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Fig.  1 — Commutator  Connected  as  Series  Suppressor 


closed,  corresponding  to  running  and  standstill  con- 
ditions for  C.  In  every  ease  it  was  found  that  the 
ratio  of  galvanometer  deflections  for  running  and 
standstill  was  greater  than  0.5.  A  typical  set  of  ob- 
servations is  shown  in  Table  I  and  plotted  in  Fig.  2 
as  curve  No.  2.  The  speed,  in  terms  of  the  frequency 
of  the  generator,  is  plotted  as  abscissa,  and  the  ratio 
of  running  to  standstill  deflection  of  the  galvano- 
meter as  ordinate. 

The  increase  of  the  ratio  of  running  to  standstill 
deflections  with  the  frequency  obviously  suggests  the 
presence  of  capacity  as  a  disturbing  element.  This 
was  confirmed  by  a  rearrangement  of  the  apparatus  and 
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connections  so  as  to  reduce  the  capacity  in  circuit. 
In  Fig.  2,  curve  No.  1,  tlie  resistance  R  was  connected 
into  the  circuit  over  a  pair  of  leads  consisting  of 
twisted  lamp  cord  about  100-ft.  long  and  having  a 
capacity  of  about  0.005  microfarads.  In  curve  No. 
2,  R'  was  a  small  compact  resistance  of  the  same 


. 

-^s^^ 

s                     ^''■' 

s                           ^ 

i                     y 

1                / 

e"°       -/    T       ^J^"' 

\             '      ^■^'^            —  — rT^H Si(i- ■ 

\     2^B  =  3  =  5g^^S3^ 

I'REIJUENCY,  CYCLES  PER  ttfXMV 

FiQ.  2 — Ratio  op  Running  to  Standstill  Deflection  k>h 
Various  Speeds  or  Commutator.     Coumctatoh  in  Sbkibb, 

"Sa.  1 — Leads  For  lO*  olun  Reslitaace;  100  ft.  Twisted  lAmp  Cord  <0»- 
p&clty  about  0,005  mlcrarBTBda).  Leadifor  Cammutklor:  IS  ft. 
Twisted  Ltunp  Cord  (Capacity  about  0,0007  mlcrofarMliI, 
Brush  Narrower  than  Insulation  between  Segments. 

No.  2 — Leads  for  10  ohm  Resistance:  Short  9eparat«d  Wires,  Leads 
Tor  Commutator:  3ame  B»  No.  1.  Brush  Wider  than  Insola- 
tion bettroon  aegmenta. 

No.  3 — Same  oa  No,  1  aicapt  that  Leads  for  10*  ohm  Reabtanee  W«re 
Separated  to  Two  100  ft.  Wires. 

No.  4 — Same  as  Ko.  2  except  that  Brush  was  narrower  than  Insulation 
between  Segments . 

No,  6— Same  as  No.  3  eimpt  that  Commutator  Leads  Were  also  aepa- 


No. 


sNo.  A 


iicept  that  Commutator  L«ads  Tl 


value  as  that  pertaining  to  curve  No.  1,  but  connected 
to  the  circuit  with  short  leads.  The  remaining  curves 
showing  decreasing  departure  of  the  ratio  of  running 
to  standstill  values  from  0.5,  show  the  successive 
improvements  resulting  from  shortening  and  separa- 
ting the  various  connections  of  Fig.  1.  It  should  be 
noticed,  however,  that  under  the  very  best  conditions 
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of  short,  well-separated  connections,  with  the  arrange- 
ment of  Fig.  1,  there  is  always  an  error  in  assuming  a 


TABLE  1 


Deflection  of  galvanometer 

Speed 

Running 

StandstUl 

Running 

cjrcles 

standstill 

left 

right 

mean 

loft 

right 

mean 

23.5 

6.6 

5.59 

5.595 

10.22 

10.32 

10.27 

0.545 

41 

5.8 

5.80 

5.80 

10.22 

10.32 

10.27 

0.565 

59 

5.95 

5.95 

5.95 

10.22 

10.32 

10.27 

0.580 

81 

6.2 

6.18 

6.19 

10.22 

10.32 

10.27 

0.603 

ratio  of  running  to  standstill  deflections  of  0.5  and  this 
error  increases  with  the  frequency. 

By  means  of  the  method  of  connection  shown  in 
Fig.  3,  it  was  found  that  in  the  half  wave  in  which 
the  circuit  is  closed  by  C,  the  current  is  greater  than 
the  standstill  value,  and  during  the  half  wave  in 


B 
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FiQ.  3 — Series  and  Shunt  Suppressors  in  the  Same  Circuits 


which  the  circuit  is  opened  by  C  there  is  still  some 
current  in  the  positive  direction.    jB  is  a  second  com- 
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mutator  on  the  same  shaft  with  C  and  is  connected  in 
shunt  with  the  galvanometer,  as  indicated.  By 
proper  setting  of  the  brushes  of  £  it  is  a  simple  matter 
to  short-circuit  the  galvanometer  for  the  periods  of 
opening  or  closing  by  C,  and  thus  read  the  current  for 
the  opposite  half  wave.  For  example,  at  standstill, 
with  B  open  and  C  closed,  the  galvanometer  reading 
was  9.9;  when  running  and  with  B  set  for  reading 
during  closed  C  and  open  C,  respectively,  the  readings 
were   as  follows: 

TABLE  II 


Speed 
cycles 

Closed 
C 

Open 
C 

23 

5.78 

1.1 

41 

6.15 

1.38 

60 

6.5 

1.7 

77 

6.7 

•   •   •   • 

80 

•    •   •    • 

1.9 

Since  in  each  case  the  galvanometer  is  receiving 
current  only  one-half  the  time,  the  readings  must  be 
multiplied  by  2  to  obtain  the  full  values.  They  show 
therefore  that  during  the  half  wave  of  closed  C  the 
current  is  greater  than  9.9,  and  during  the  half  wave 
of  open  C  the  current  is  greater  than  0.  Moreover 
the  excess  of  current  value  increases  with  the  fre- 
quency. 

A  further  study  of  the  influence  of  capacity  with  the 
connection  of  Fig.  1  was  made  by  inserting  additional 
capacity  in  shunt  to  the  resistance  R,  between  the 
commutator  leads,  and  between  commutator  seg- 
ments. In  the  upper  part  of  Fig.  4  curves  are  plotted 
showing  the  variation  of  the  ratio  of  running  to  stand- 
still deflection  with  the  frequency  for  series  commu- 
tator and  for  difl'erent  values  of  capacity  connected 
in  shunt  to  the  resistance  R.  The  lower  half  of  Fig.  4 
gives  curves  taken  with  the  commutator  in  shunt  con- 


414 


/.  B.  WHITEHEAD  AND  T.  I88HIKI      [Feb.  20 


nection.  These  curves  will  be  referred  to  below.  Sim-' 
ilar  curves  are  obtained  when  the  capadty  is  connected 
between  the  leads  to  the  commutator. 

In  Fig.  5  the  two  lower,  curves  were  taken  at  60 
cycles  with  various  values  of  capacity  connected  be- 
tveea  the  oppoeute  sets  of  segments  of  the  commutatof. 


nieguENCY.  cycus  fer 'second 


Fig.  4 — Influencb  of  Capacitt  in  Shunt  to  iO*  Obm 
Rbsistance  dpon  Ratio  of  Running  to  Standstill  Deflec- 
tion.    Brusb  Narboweb  than   Insulation  between  Seg- 


This  connection  is  made  by  connecting  the  capacity 
in  parallel  with  the  two  outer  collector  rings  of  the 
commutator.  Curve  No.  2  is  taken  with  a  brush 
which  is  thicker  than  the  insulation  between  segments 
and  curve  No.  3  is  taken  with  a  brush  which  is  thinner 
than  the  insulation  between  segments.  It  is  note- 
worthy that  the  use  of  the  thick  brush,  short-circuit- 
ing as  it  does  the  capacity  shunted  around  the  com- 
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mutator  and  thus  discharging  the  capacity,  is  the 
cause  of  a  wide  error  in  the  >^ue  of  the  ratio  of  running 
to  standstill  deflections.  Curve  No.  1  shows  that  the 
effect  of  adding  capacity  between  commutator  leads 
is  similar  to  that  of  adding  capacity  between  the  term- 
inals of  R. 

In  view  of  the  foregoing  results,  it  appeared  of  in- 
terest to  study  the  wave  form  of  the  current  in  the 
galvanometer.  The  current  values  being  too  small 
for  the  oscillograph,  the  method  shown  in  Fig.  6  was 
adopted.    C  is   the  rectifying  commutator  already 


0.4  0.6 

CAPACITY  IN  MICROFARAOS 


Fig.  5 — Influence  op  Capacity  between  Commutator 
Leads  and  between  Commutator  Segments  upon  Ratio  op 
Running  to  Standstill  Deflection.  Commutator  in 
Series.     60  Cycles 


described  arranged  for  series  connection,  that  is,  using 
only  two  brushes  and  operating  as  a  half  cycle  make 
and  break.  Switching  is  also  provided  so  that  C 
may  be  arranged  in  shunt  connection  or  cut  out  en- 
tirely. D  is  a  metal  disk  also  mounted  on  the  gener- 
ator shaft  and  equipped  with  three  narrow  insulating 
sectors  set  in  its  outer  surface.  Two  brushes  on  D 
short-circuit  the  galvanometer,  as  indicated,  during 
a  complete  cycle  except  for  the  brief  interval  when 
the  short  circuit  is  interrupted  by  one  of  the  insulating 
segments,  that  is,  once  in  each  cycle  of  make  and 
break.  The  particular  instant  in  the  cycle  at  which 
the  galvanometer  receives  current  is  varied  by  rota- 
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ting  the  brushes  on  C.  The  arrangement  constitutes 
a  point  by  point  method  for  studying  the  current  in 
the  circuit  of  the  conmiutator  C. 

Observations  were  taken  with  C  both  in  series  and 
in  shunt.  A  typical  set  is  given  in  Table  3  and  plotted 
in  Fig.  7.  It  was  found  that  with  D  operating  and  C 
cut  out  completely,  that  is,  with  steady  ciurent  in  the 
battery  circuit,  the  deflection  of  the  galvanometer 
had  a  slow  and  irregular  variation  and  usually  dif- 
ferent values  for  opposite  positions  of  the  reversing 
switch.  These  variations  were  due  to  thermal  elec- 
tromotive forces  or  other  variable  contact  conditions 


10*U3 


10*U3 
lAAAAAAAAAAAAV- 


Fig.  G — Connections  for  Taking  Wave   Forms  op  Series 

AND  Shunt  Suppressors 


at  the  brushes  of  D.  In  order  to  eliminate  this  trouble 
right  and  left  readings  of  the  steady  current  (C  not 
in  circuit)  and  of  the  instantaneous  current  (C  in  cir- 
cuit) were  taken  in  quick  succession  and  their  mean 
values  used.  The  wave  form  is  obtained  by  taking 
for  each  brush  setting  the  ratio  of  the  mean  of  the  in- 
stantaneous readings  to  the  mean  of  the  steady  read- 
ings. 

The  more  interesting  results  are  plotted  in  the 
curves  of  Figs.  7,  8  and  9,  showing  several  forms  for 
both  series  and  shunt  connections  of  the  commutator. 
In  the  case  of  Fig.  7  the  frequency  was  60  cycles  and 
the  1-megohm  resistance  R  and  the  commutator  C 
had  leads  consisting  of  twisted  lamp  cord  100-ft.  and 
15-ft.  long  (capacities  about  0.005  and  0.0007  micro- 
farads) respectively,  the  brush  was  thinner  than  the 
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width  of  the  insulating  segments  in  the  commutator 
C.  In  Fig.  8  the  conditions  were  the  same  at  a  fre- 
quency 24  cycles,  and  in  the  lower  curve  a  brush 
thicker  than  the  insulating  commutator  segments  was 
used.  In  Fig.  9  short  separated  leads  of  minimum 
capacity  were  used  to  R,  and  the  15-ft.  twisted  leads 
to  C. 
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0,0007  Micro  farads) 


As  already  indicated,  the  results  shown  in  the  fore- 
going figures  are  due  to  the  capacity  located  in  differ- 
ent parts  of  the  connections.  For  example,  in  Fig. 
7,  during  open  circuit  by  the  commutator,  the  capacity 
of  the  commutator  itself  charges  as  indicated  at  (o) 
and  C  the  capacity  around  the  resistance  R  discharges 
through  the  resistance.  At  (b)  on  the  instant  of 
closing,  the  capacity  C"  charges,  giving  an  excess  cur- 
rent through  the  galvanometer  which  immediately 
tends  to  fall  to  the  value  fixed  by  the  resistance  R. 
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At  (d)  if  the  brush  is  narrower  than  the  iasuladng 
aegment  of  the  commutator,  the  counter-electromo- 
tive forces  .of  the  capacities  C  and  C  are  in  series 
and  therefore  greater  than  the  battery  electromotive 
force  E;  hence,  there  is  momentarily  a  reverse  cur- 
rent after  the  circuit  opens.  Then  as  C  discharges 
through  R  the  electromoUve  force  falls  and  the  battery 
charges  the  capacity  of  the  commutator,  resulting  in 
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a  positive  charging  current  for  the  interval  (a).  If 
tjie  brush  on  C  is  wider  than  the  insulating  segment, 
the  capacity  of  C  is  discharged  through  the  brush  and 
during  the  following  interval  of  open  circuit  the  charg- 
ing current  of  this  capacity  is  higher.  (See  Fig.  8, 
lower  curve). 

When  the  leads  to  the  commutator  contain  capac- 
ity with  either  a  wide  or  narrow  brush,  the  capacity 
dischai^s  through  the  commutator  and  not  through 
the  galvanometer  at  each  interval  of  make,  and  ttvete- 
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fore  this  capacity  charges  through  the  galvanometer 
during  each  interval  of  break;  hence  there  ib  excess 
current  through  the  galvanometer  at  each  interval 
of  break,  resulting  in  an  increase  of  the  ratio  of  run- 
ning to  standstill  conditions.  {See  curves  of  figs. 
5,  7,  8,  9).       . 
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SRUSH  SETTING. 

Fio.  9— Wave  Foru  or  Cdrke.vt  THRoroH  Galvanouetib, 
Brush  Narrower  than  Insulation  between  Seohknts. 
Leads  for  IO*  Ohm  Rbsibtakcb;  Shoht  Separated  WirebI. 
Lbads  for  Commutator:  15  ft.  Twisted  Lamp  Cord  (Capac- 
ity ABOUT  (1.0007  Microfarads^) 


The  effect  of  capacity  between  segments  in  the 
commutator  itself  is  as  follows:  This  capacity  charges 
during  open  circuit.  If  a  thick  commutator  brush  is 
used,  the  capacity  discharges  through  the  brush  at 
the  instant  the  brush  bridges  the  insulating  commu- 
tator segment,  and  hence  the  capacity  charges  in  each 
interval  of  open  circuit,  giving  excess  galvanometer 
current  and  increased  ratio  of  running  to  standstill 
current.     If,   on    the   other  hand,    the   commutator 
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brush  is  narrower  than  the  insulating  segment,  the 
capacity  retains  its  charge  except  for  loss  due  to 
leakage  and  hence  there  is.no  recharge  and  no  excess 
galvanometer  current  after  the  first  charging  inter- 
val, consequently  the  ratio  of  running  to  standstill 
current  in  the  galvanometer  is  independent  of  the 
value  of  the  capacity  and  approximately  equal  to  0.5. 
(See  exudes  of  Fig.  5). 

The  apparent  errors  of  the  se^es  connected  com- 
mutator may  be  reduced  to  a  minimum  or  avoided 
entirely  in  two  ways:  First,  by  any  method  of  con- 
nection whereby  the  current  in  the  re^tance  Jft  is 
not  interrupted.  Two  methods  of  accomplishing  this 
are  shown  in  Figs.  10  and  11.    In  Fig.  10,  by  using 
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FiQ.  10 — Connections  o^  Series  Suppressor  for  Eusiinat- 

iNG  Errors  Due  to  Capacity 


three  brushes  on  the  commutator  during  the  period 
in  which  the  galvanometer  current  is  interrupted,  the 
current  in  R  is  maintained  at  constant  value  by  means 
of  the  resistance  R'  of  value  equal  to  that  in  the  gal- 
vanometer circuit.  A  number  of  accurate  observa- 
tions with  this  method  of  connection  at  various  values 
of  frequency  and  capacity  were  made,  and  the  ratio 
of  running  to  standstill  deflection  of  the  galvanometer 
was  very  accurately  0.5  throughout,  except  for  the 
case  of  large  capacity  connected  between  the  points 
(b)  and  (c).  In  Fig.  11  the  current  in  R  is  also  con- 
stant and  the  galvanometer  may  be  shunted  around 
either  of.  the  resistances  r.  In  a  series  of  experiments 
with  this  connection,  120-volts  continuous  potential 
was  used,  and  capacity  up  to  1  microfarad  was  shunted 
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f\ 


around  both  resistances  R  and  r,  in  order  to  intensify 
any  disturbances  due  to  charging  currents.  Both  at 
24  cycles  and  60  cycles  the  ratio  of  running  to  stand- 
still deflection  was  accurately  equal  to  0.5  throughout. 
A  second  method  for  reducing  the  error  in  the  simple 
connection  of  Fig.  1  is  a  reduction  of  the  value  of  the 
resistance  R.  Using  the  twisted  lamp  cord  leads 
mentioned  above,  to  R  and  C,  Fig.  12  shows  a  series 
of  observations  at  60  cycles  on  the  value  of  the  ratio 
of  running  to  standstill  deflections  in  relation  to  the 
value  of  R.  As  indicated,  when  R  is  equal  to  1  megohm 
the  ratio  is  0.72  and  the  current  in  circuit  is  3.1  x  10"^ 
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Pia.  11 — Connections  op  Series  Suppressor  for  Eliminat- 
ing Errors  Due  to  Capacity 


amperes.  For  R  =  5  x  10~*  ohms  the  ratio  is  0.51  and 
the  current  6.2  X  10""^  amperes.  For  J?  =  10*  and 
10^  ohms,  the  ratios  were  found  to  be  0.501  and  0.4995 
respectively.  In  the  last  case  the  current  in  circuit 
was  approximately  3.1  milliamperes.  (See  Fig.  12). 
Analyses  of  the  series  commutator  connection  for 
capacity  C,  shunted  around  the  resistance  R  and 
across  the  commutator  leads,  are  given  in  an  appen- 
dix. It  is  shown  that  the  value  of  the  ratio  of  instan- 
taneous to  steady  current  in  the  galvanometer  for 
any  particular  position  of  the  brush  setting,  as  well 
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as  the  ratio  of  ninning  to  standstill  deflections  of  the 
galvanometer,  are  functions  only  of  the  product  f  C  R 
and  of  a  where  /  is  the  frequency  and  a  is  the  ratio  of 
A  to  r  (see  Fig.  1).  That  is,  reductions  in  the  values 
of  frequency,  capacity  or  of  the  re^tance  R,  all  re- 
sult in  a  closer  approach  of  the  ratio  of  running  to 
standstill  deflections  to  the  value  0.5.  Curves  are 
also  ^ven  showing  a  close  agreement  between  the  ob- 
servations and  the  theory. 
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FiQ.  12— Effect  of  Variation  of  R  in  Fio.  1  upon  Ratio 
OF  Running  to  Standstill  DBFLEcrioNa.  CoMMtrTATOR  in 
Sgrieb.     60  Cycles.     Thin  Brush 


Commutator  Connected  as  Shunt  Suppressor 
With  the  commutator  connected  in  shunt,  as  indi- 
cated by  the  dotted  line  in  Pig.  1,  the  errors  due  to 
capacity  are  not  so  serious  as  in  the  series  connection, 
In  the  shunt  connection,  since  the  current  through  R 
varies  only  by  the  alternate  cutting  in  and  out  of  the 
relatively  small  resistance  of  the  galvanometer  cir- 
cuit, the  variation  of  electromotive  force  at  its  term- 
inals is  correspondingly  small.  Throughout  a  num- 
ber of  observations  with  this  method  of  connection 
the  ratio  of  running  to  standstill  deflections  was  very 
accurately  0.5  even  when  the  ratio  R/r  was  not  greater 
than  10  {values  at  23,  40,  60  and  80  cycles  all  being 
0.501).  Although  the  current  pulsation  in  R  in  this 
case  is  relatively  great,  the  low  value  of  R  tends  to 


424  J.  B.  WHITEHEAD  AND  T,  ISSHIKI      [Feb.  20 

reduce  the  charging  current  of  any  small  capacity 
which  may  exist.  For  values  of  the  ratio  R/r  greater 
than  100,  the  current  pulsation  is  small  and  if  the  cir- 
cuit has  no  capacity,  the  error  is  small  (values  of  ratio 
R/r  at  the  above  frequencies  being  0.502,  0.501,  0.501 
and  0.500). 

Capacity,  however,  soon  introduces  trouble.  When 
located  in  the  leads  to  the  commutator  it  charges  on 
open  commutator  and  discharges  on  a  closed  commu- 
tator. Thus  during  the  open  period  current  is  shunted 
from  the  galvanometer,  lowering  the  ratio  of  running 
to  standstill  deflections.  The  phenomenon  is  the  same 
for  thin  and  thick  commutator  brushes.  In  a  series 
of  observations  at  24  cycles,  the  ratio  decreased  from 
0.504  to  0.298  in  increasing  the  capacity  between  the 
leads  from  0  to  1  microfarad. 

When  there  is  any  capacity  between  the  commu- 
tator segments,  this  capacity  charges  and  stays 
charged  without  influence  on  the  ratio  of  running  to 
standstill  deflections  if  the  commutator  brush  is 
thinner  than  the  insulation  between  segments.  With 
a  thick  brush,  however,  the  capacity  discharges  when 
the  brush  bridges  the  insulating  segment  and  then 
charges  in  the  position  of  open  commutator,  the  per- 
formance then  being  as  in  the  case  of  the  foregoing 
paragraph.  The  capacity  between  commutator  seg- 
ments, as  measured,  was  found  to  be  0.00126  micro- 
farad. In  a  series  of  observations  the  addition  of 
0.02  microfarad  between  commutator  segments 
changes  the  ratio  of  running  to  standstill  values  from 
0.498  to  0.488  with  still  further  lowering  for  increase 
of  capacity. 

When  there  is  capacity  in  the  leads  to  R  on  closed 
commutator,  this  capacity  receives  the  full  battery 
e.m.f .  On  open  commutator  at  the  instant  of  opening, 
the  counter  e.m.f.  of  the  capacity  is  equal  to  that  of 
the  battery  and  no  current  flows  in  the  galvanometer 
G.  As  the  capacity  discharges  through  R  there  is  a 
delay  in  the  rise  of  current  to  its  full  value,  thus  caus- 
ing a  lowering  of  the  ratio  of  running  to  standstill  de- 
flections, and  in  greater  amount  the  greater  the  capac- 
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ity  shunting  R.     (See  Fig.  7,  and  curves  in  the  lower 
half  of  Fig.  4). 

Performance  on  Alternating  Current 

The  errors  arising  from  the  presence  of  capacity  in 
using  the  commutator  with  alternating  current  are 
smaller  than  those  that  have  been  described.  This 
is  to  be  expected  since  on  commutation  the  alternating 
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PiQ.  13 — Series    Commutator.     Elimination    of    FJlectro- 

8TATIC  Unbalancing 


current  tends  to  rise  gradually  from  the  zero  value 
and  not  abruptly  as  in  the  case  of  the  pulsating  con- 
tinuous current.  In  a  number  of  observations  taken 
with  alternating  current  introduced  by  means  of  a 
transformer  located  in  place  of  the  battery  of  Fig.  1 
and  with  the  commutator  connected  in  both  series 
and  shunt  for  reading  alternate  half  waves  and  also 
for  the  reading  of  full  rectification  by  means  of  the 
addition  of  two  more  brushes  to  the  commutator  in 
the  usual  manner,  the  ratios  were  found  to  be  very 
accurately  0.5  under  properly  selected  conditions. 
However,  even  with  careful  elimination  of  capacity 
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TABLE  IV 


Deflection  of  Oalvanometer 

r 

FuU  Wave  (Fig.  13. 1) 

HalfWave  (Fig.  13.11) 

Half  wave 

Ohm 

FuU  wave 

left 

right 

mean 

left 

right 

mean 

1000 

3.63 

3.6e 

3.66 

1.83 

1.83 

1.83 

0.500 

lOOO* 

3.66 

3.70 

3.68 

1.83 

1.83 

1.83 

0.497 

2000 

7.30 

7.38 

7.34 

3.63 

3.68 

3.655 

0.490 

2000* 

7.30 

7.32 

7.31 

3.63 

3.63 

3.63 

0.497 

from'all  connections  considerable  errors  may  be  intro- 
duced by  reason  of  unsymmetrical  electrostatic  rela- 
tion of  the  various  parts  of  the  circuit.    For  example, 
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introducing  alternating  e.m.f.  in  place  of  the  battery 
in  Fig.  11  for  obtaining  alternate  half  waves  in  the 
galvanometer,  and  then  by  a  simple  change  of  con- 
nections sending  the  complete  rectified  alternating 
current  through  G,  the  ratio  of  half  wave  to  full  wave 
deflections  was  found  to  be  0.511.  When,  however, 
the  circuit  was  rearranged,  as  shown  in  Fig.  13,  so  as 
to  divide  the  resistance  R  between  the  two  halves  of 
the  circuit,  the  results  of  Table  IV  are  obtained,  show- 
ing that  the  ratio  for  half  wave  to  full  wave  deflection 
of  the  galvanometer  is  very  close  to  0.5.     In  these 
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Fio.  15 — Deflection  of  Oalvaxombtek 
noNS  OF  BarsiiES,  Connectiom  Fiu.  14. 

NATED  AS   Far   as  PoaSTBLE 


circumstances  capacity  (up  to  one  microfarad)  may 
be  shunted  to  r  or  Ji;  without  affecting  the  ratio  0.5  of 
half  wave  to  full  wave.  The  position  of  the  brushes 
was  usually  set  for  maximum  deflection,  although  the 
method  of  setting  for  zero  deflection  and  then  shifting 
90  electrical  degrees  was  sometimes  used. 

For  further  study  of  the  influence  of  capacity,  the 
connections  shown  in  Fig.  14  were  used.  Connection 
/  gives  complete  rectification  and  normal  alternating 
current  through  the  resistance  K.  Connection  // 
gives  complete  rectification  with  pulsating  current 
through  if.     Connection  III  is  the  simple  series  con- 
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nectioD  for  both  if  and  the  galvanometer  and  therefore 
has  pulsating  current  in  R  with  alternate  half  waves 
eliminated.  Connection  IV  is  ordinary  shunt  con- 
nection with  normal  alternating  current  in  R.  In  all 
cases  current  is  introduced  into  the  circuit  through  a 
step-down  transformer  giving  very  low  voltage  in  the 
galvanometer  circuit. 

Table  V  gives  the  readings  taken  with  each  of  the 
methods  of  connections  shown  in  Fig.  14,  for  various 


BRUSH  SCTTING.-  aECTWWL  ANGl£  IN  Of  GRKS 

Fia.  16 — Deflection  op  Galvanometbb  for  Vahioub  Pobi- 
TioNs  OP  Bhubqes,  Connection  Fio.  14.  Resibtance  R 
Shontbd  by  0,02  Microfarad  Ca  pacity 


positions  of  the  commutator  brushes.  The  results 
are  plotted  in  Fig.  15.  It  is  of  interest  to  note  that 
in  this  case  in  which  capacity  has  been  eliminated  as 
far  as  possible,  the  ratio  of  the  half  wave  to  the  full 
wave  deflection  is  very  closely  equal  to  0.5  for  all  posi- 
tions of  brushes,  independent  of  the  method  of  con- 
nection. 

Fig.  16  shows  the  effect  of  shunting  the  resistance  R 
with  0.02  microfarad.     In  this  case  the  ratio  of  the 
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maximum  value  for  connection  IV  to  the  maximum 
value  for  connection  /  is  0.498,  thus  indicating  the 
reliability  of  the  i^imt  method  of  connection.  On 
the  other  hand,  the  ratio  of  the  maximiun  value  for 
connection  III  to  the  maximiun  value  for  connection 
/  is  only  0.105,  showing  the  unreliability  of  the  series 
commutator  connection  when  the  circuit  contains  any 
capacity. 

In  oitier  to  compare  the  disturbance  introduced  in 
the  series  connection  by  the  presence  of  capacity  when 
using  continuous  and  alternating  currents,  observa- 
tions were  taken  with  very  small  values  of  capacity 
by  making  the  connections  to  R  with  two  lengths  of 


TABT.K  VI 
INPLUENOB  OP  OAPAOITY  ON  HALP  WAVE  READING 

Capacity  m.f. 

0 

0.002 

0.006 

0.02 

A.C. 
D.C. 

0.496 
0.51 

0.509 
0.602 

0.616 
0.741 

0.849 
0.907 

twisted  lamp  cord,  introducing  capacities  of  0.002  and 
0.006  microfarads  respectively.  The  observations 
were  taken  at  60  cycles  and  the  results  are  given  in 
Table  VI  .The  upper  line  gives  the  ratios  of  half  wave 
to  full  wave  for  alternating  current,  as  determined 
by  connections  III  and  77,  respectively,  and  the  lower 
line  the  ratio  of  running  to  standstill  deflection  using 
continuous  current. 

It  will  be  noticed,  while  that  generally  in  the  same 
direction,  the  disturbing  effect  of  the  capacity  is  less 
for  alternating  than  for  continuous  current. 


Discussion 

Small  alternating  currents  may  be  measured  by 
means  of  a  synchronous  commutator  with  a  high  sensi- 
tivity D' Arson val  galvanometer.  The  combination 
may  be  placed  directly  in  the  circuit,  or  perferably 
may  be  used  in  conjunction  with  high  non-inductive 
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series  resistance  to  measure  the  voltage  drop,  over  a 
relatively  low  non-inductive  resistance  carrying  the 
current  to  be  measured. 

The  commutator  may  be  connected  in  series  with 
the  galvanometer  so  as  to  open  and  close  its  circuit 
during  alternating  half  waves,  in  shunt  so  as  to  short- 
circuit  the  galvanometer  during  alternate  half  waves, 
or  it  may  be  connected  so  as  to  completely  rectify 
the  alternating  wave,  thus  making  use  of  both  half 
waves.  In  the  two  former  methods  of  connection  the 
commutator  is  spoken  of  as  a  suppressor. 

In  all  methods  of  connection  under  steady  condi- 
tions the  galvanometer  reads  the  average  value  of 
current  passing  through  it  in  terms  of  its  continuous 
current  calibration.  With  either  t3ri)e  of  suppressor, 
since  the  instrument  receives  current  during  only  one- 
half  cycle,  the  value  of  the  reading  is  multiplied  by 
two  in  order  to  obtain  the  average  value  of  the  alter- 
nating current  as  based  on  the  continuous  current 
calibration. 

Using  the  series  suppressor,  serious  errors  may  arise 
due  to  relatively  small  values  of  capacity  in  the  re- 
sistances and  connections  of  the  galvanometer  and 
commutator  circuit.  Owing  to  the  interruption  of 
*the  circuit  the  capacity  charges  and  discharges  in  such 
a  way  as  to  increase  the  instrument  current  during  the 
closed  half  cycle  and  to  raise  it  above  zero  value  in  the 
open  half  cycle.  This  source  of  error  may  be  avoided 
if  during  the  open  half  cycle  the  source  of  alternating 
current  or  electromotive  force  is  kept  closed  by  a  second 
circuit  equivalent  to  that  of  the  galvanometer.  This 
may  be  done  by  using  the  opposite  segments  of  the 
commutator.     (See  Fig.  10). 

The  shunt  suppressor  is  far  more  reliable  and  with 
careful  elimination  of  capacity  from  the  galvanometer 
circuit  the  errors  may  be  reduced  to  negligible  values. 

If  it  is  desired  to  use  the  series  suppressor  the  circuit 
conditions  may  be  tested  by  taking  the  ratio  of  the 
deflections  due  to  the  pulsating  current,  consisting  of 
alternating  half  waves,  and  that  due  to  the  completely 
rectified  alternating  current  by  means  of  connections 
similar  to  those  in  Fig.  14.    This  ratio  should  be  0.5. 
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This  test  should  be  followed  by  one  applying  a  con- 
tinuous e.m.f.  with  the  commutator  connected  as 
either  a  series  or  a  shunt  suppressor.  The  test  lies  in 
the  ratio  of  the  running  to  standstill  deflections  of  the 
galvanometer.  This  ratio  should  be  0.5.  For  the 
simple  series  suppressor  the  value  will  be  always  higher 
than  0.5  unless  an  auxiliary  circuit  is  used.  With  the 
shunt  suppressor  the  value  0.5  may  be  very  closely 
reached. 
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Fig.  17 


In  using  rectifying  vacuum  tubes  in  place  of  a  com- 
mutator, two  tubes  and  two  resistances  must  be  placed 
in  the  alternating  circuit.  The  voltage  drop  over 
either  resistance  may  be  used  for  measuring  the  cur- 
rent.*|  In  this  case  the  e.m.f.  applied  to  the  galvan- 
ometer is  the  pulsating  unidirectional  e.m.f.  due  to 
alternate  half  waves.  Since  no  commutator  is  used, 
the  galvanometer  circuit  with  its  series  resistance  is 
closed  at  all  times  and  the  presence  of  capacity  intro- 
duces no  error. 

Following  is  a  summary  of  the  conclusions  from  the 
tests: 

(1)  In  the  use  of  the  sjoichronous  commutator  as  a 
series  suppressor,  serious  errors  may  arise  due  to  rela- 
tively small  amounts  of  capacity  in  the  commutator 
and  galvanometer  circuits. 

(2)  Used  as  a  shunt  suppressor  the  commutator  is 
far  more  reliable  and  this  method  of  connection  is 
always  to  be  preferred. 
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(3)  The  galvanometer  should  be  calibrated  with 
continuous  current  with  the  commutator  both  at 
standstill  and  running  as  an  ordinary  make  and  break. 
If  the  ratio  of  these  two  readings  is  2,  the  circuit  con- 
ditions will  introduce  no  error  mib  alternating  current. 

(4)  Several  sources  of  error  due  to  the  commutator 
are  eliminated  by  the  use  of  vacuum  tube  rectifiers. 

(5)  A  number  of  wave  forms  of  alternating  current 
of  very  low  value  are  given. 

APPENDIX 

The  following  mathematical  analysis  of  the  case  of 
the  series  suppressor  as  described  in .  the  paper  gives 
results  in  close  agreement  with  those  observed. 

I.  Series  suppressor  in  which  the  high  resistance  R 
is  shunted  by  capacity  C  and  continuous  electromotive 
force  E  applied.    No  other  capacity  in  circuit. 

Referring  to  F^g.  17,  let  i,  ii  and  ti  be  the  instantane- 
ous currents  through  galvanometer,  R,  and  C  (charging 
current)  respectively,  and  e^  the  instantaneous  value  erf 
the  voltage  over  C,  and  let  their  positive  directions  be 
those  shown  by  arrows. 

Consider  the  interval  (half  cycle)  during  which  the 
cux:uit  is  closed  by  the  commutator.  Let  us  call  this 
interval  "closed  half  cycle".  During  this  half  cycle  C 
is  charged. 

We  have 

ir  +  uR  =  E  (1) 

i,R  =e,  =  l/cjudt  (2) 

ii  +is  =  i  (3) 

Eliminating  i  and  ii  from  these  equations  we  obtain 

<*»'     4.      ff    -■     _         ^  (A\ 


The  solution  of  this  differential  equation  is 

E 
R  + 


-^^~''  +  -At  (fi) 
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whesFe  A  is  an  integration  constant  to  be  determined. by 
boundary  conditions. 
Prom  (2)  and  (6) 


ec^ARf       c    +E       ^ 


R  +  r 
If  we  take  the  instant  of  the  closing  of  the  circuit  as 

t  =  0,t  =  -J—  at  the  instant  of  opening,  /  being  the 

frequency,  and  the  value  of  Ce  at  these  two  instants  are 
respectively 

ec|i-o  =  AJZ+   ^^^  (7) 


R 


M -i  =  A  iZ  €-  2 /  c  +  f;  .^^  (8) 

2  /  K  -T  r 

Next  consider  the  interval  (half  cycle)  during  which 
the  circuit  is  open.  Let  us  call  this  interval  ''Open  half 
cycle." 

During  this  half  cycle  the  charge  of  C  discharges 
through  R  and  the  equation  of  the  circuit  is 

^«+^=0  (9) 

the  solution  of  this  equation  is 

ec  =  A'  6"  ^ 

where  A  is  an  integration  constant  to  be  determined  by 
boundary  conditions. 
If  we  take  the  instant  of  the  opening  as  ^  =  0,  the 

instant  of  the  closing  is  t  =  -^  and  the  values  of  Cc  at 

two  instants  are  respectively 

N/-0   =A'  (10) 

edi^^^^A^e-uh  (11) 
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ft 

After  the  steady  state  of  the  circuit  is  established,  the 
values  of  |6e|/.o  and  |€e|<— ^  of  the  closed  half  cycle 

must  be  equal  to  the  values  of  |6e|<  --^  and  [edt  -o  respec- 

lively  of  the  closed  half  cycle,  so  that  (10)  and  (11) 
must  be  identical  with  (8)  and  (7)  respectively,  i.  e., 

R 


A'  =  ARt    ^fc  +E 


R  +  r 


R 


and  A'e   ^fC'^=AR+    -^, —  R 

XV   T"  f 

Eliminating  A'  from  these  two  equations,  we  have 

2fCR 


R  +  r  1^,. 


i  +  l/R 


2/C 

Putting  this  value  of  A  into  (6)  and  replacing  g  by 
1/R  +  1/r  we  have  for  the  value  of  ii  during  the  closed 

half  cycle 

1 

E 

1  —   €     2/C^ 

(12) 
From  this  equation  and  (1),  we  have  for  the  closed 

half  cycle 

1 


_     1 

•j    1  _  i I ^-l/C  (1/-R+  l/r)l  I" 

'  1  -   €-  27C^2//J  +  1/r) 


%   = 


R  +  r   I  r     i_  ^_    1    (2/ii  +  i/r) 


2/C 
-l/C(l/lJ+l/r>n  (13) 


(l/lJ+l/r>n 


If  /  be  the  value  of  steady  current  through  galvano- 
meter or  the  value  of  i  when  there  is  no  interruption  of 
circuit,  then 

^        R  +r 

Therefore  the  ratio  of  i  and  I  or  instantaneous  current 
to  steady  current  through  galvanometer  for  any  par- 
ticular time  t  during  the  closed  half  cycle  is 
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(14) 
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fio.  18— Wave    Form    or    Cuuhent    throvhii    Galvano- 
meter, BShUSTEDByC,  CoMMrTATflBIsSBRIEH.      Oalculatbd 

BY  Equation  (15)     a  -  ft/r  -  100. 


where     a  =  Rjr 

If  we  denote  the  time  by  degrees  of  the  electrical  angle 

-       2/    180 
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Putting  this  value  of  t  into  (14)  we  have 


=  I  +  a 


1  _    ^       2fCR 


2fCR 


(1+a) 


180 


1-6 


2fCR 


(2+a) 


(IS) 


This  equation  gives  the  ratio  of  instantaneous  to 
steady  current  through  galvanometer  for  any  particular 
position  of  brush  dxuing  closed  half  cycle.  The  value 
of  this  ratio  for  the  open  half  <iycle  is,  of  course,  zero, 

This  equation  shows  that  i/I  for  any  particular  value 
of  D  is  function  only  of  f  C  R  and  a. 


FREQUENCY.  CYCLES  PER  SECOND 


Fig.  19 — Curves  between  Frequency  and  Ratio  of  Run- 
ning TO  Standstill  Deflection.     Commutator  in  Sbbibb 


In  Fig.  18  curves  between  D  and  i/I  computed  from 
equation  (15)  for  /  C  J?  =  0.02,  0.2,  2,  20  and  200  farad 
ohm  sec.-^  and  a  =  100  are  given.  Corresponding 
curves  as  obser\'ed  are  given  in  Figs.  7  and  8. 

The  ratio  of  mean  value  of  i  during  one  cycle  to 
steady  current  7,  or  the  ratio  of  running  to  standstill 
deflection,  S,  is  as  follows: 

1/2/ 


r      idt 

0 


/J 

0 


12 


1  +  rt 


1-6 


2/tK 


1-  €-27c7f'2+<'-' 


—  « 


-—^,l+ay>f, 


dt 


by  (14) 
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^       1     fCR     jl^e'^^   {l^e'^'^'^'l 

(16) 

It  is  seen  from  equation  (16)  S  is  also  a  function  only 
of/C-Randa. 

Fig.  19  shows  the  close  agreement  between  the  obser- 
vations and  theory,  the  drawn  curve  shows  the  values 
calculated  by  formula  (16)  and  the  points  marked  are 
those  taken  from  Fig.  A,  the  results  of  observation. 
The  values  of  capacity  are  0.02,  and  0.2  microfarad 
which  is  so  large  that  the  capacity  between  commutator 
segments  does  not  cause  appreciable  error. 

11.  A  similar  analysis  shows  that  capacity  between 
the  leads  to  the  commutator  has  very  closely  the  same 
effect  as  capacity  in  i^imt  to  /2;  see  Figs.  4  and  5. 
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Discussion  on  "Notes  on  the  Synchronous 
Commutator"  (Whitehead  and  Isshiki)  New 
York,  N.  Y.,  February  20, 1920. 

P.  G.  Agnew:  I  have  been  reminded  of  an  obser- 
vation I  made  several  years  ^o  in  connection  with  a 
curve  tracer  of  the  Rosa  type.  The  device  was  quite 
similar  to  that  of  Prof.  Whitehead,  because  it  was 
always  used  as  a  mill  instrument,  and  high  capacity 
effects  were  found  to  be  of  importance.  Unless  the 
connections  are  correctly  made,  there  are  certain 
capacity  effects  induced  which  shift  the  whole  curve, 
there  is  also  a  very  small  capacity  effect,  due  to  the 
brushes,  as  a  commutator  segment  impinges  a  brush. 

Another  interesting  illustration  came  up  with  Dr. 
Dorsey's  work  at  the  Bureau  of  Standards  in  the 
determination  of  the  ratio  of  electrostatic  unity  to  the 
importance  of  a  very  small  capacity  effect.  He  was 
using  a  spherical  condenser,  and  of  course  a  very  small 
wire  was  used  to  establish  connection  inside  of  the 
sphere,  but  the  effect  in  that  small  wire  was  slightly 
different.  It  had  to  be  raised  to  make  the  connection; 
and  the  changing  capacity,  due  to  a  small  change 
in  position,  one  millimeter,  had  to  be  taken  account  of 
and  the  numerical  magnitude  determined.  It  was 
a  very  troublesome  job. 

E.  D.  Doyle:  Dr.  Whitehead  has  pointed  out 
the  use  of  a  commutator  or  suppressor  for  alternating 
current  rather  than  alternating  voltages.  The  work 
we  have  done  at  the  laboratories  has  been  rather 
different  from  this,  in  that  we  wanted  to  commutate 
low  voltages,  running  down  as  low  as  10  to  50  micro- 
volts. We  foimd  that  in  such  cases  a  commutator 
will  not  serve  the  pmpose,  in  that  for  the  lower  values, 
the  commutator  seems  to  develop  an  infinite  resistance. 
We  have  had  to  use  butt  contacts,  rather  than  sliding 
contacts  a  synchronous  motor  rotating  a  cam 
which  moves  the  contacts  back  and  forth  thereby 
effecting  the  reversals  as  required. 

A.  E.  Kennelly:  In  the  continuous  current 
circuit,  the  current  becomes  steady  after  a  certain 
time,  usually  a  very  short  time,  and  then  as  a  rule  no 
capacitance  effect  is  observed.  With  an  a-c.  circuit 
we  all  know  that  capacitance  effects  reveal  themselves 
in  a  number  of  ways  and  must  be  taken  into  account, 
and  if  we  do  not  take  them  into  account,  we  get  results 
which  are  ridiculous  when  interpreted,  unless  we  make 
proper  allowances. 

This  paper  calls  our  attention  to  the  fact  that  in  the 
d-c.  circuit  when  periodically  opened  and  closed,  the 
capacitance  effect  may  be  much  more  serious  than  we 
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are  apt  to  realize  at  fir$t  sight.  In  this  ca$e,  the  dif- 
ficulties were  overcome  by  reducing  the  circuit  to  the 
continuous-current  type. 

J.  H.  Morecroft:  I  think  of  one  point  in  respect 
to  Dr.  Agnew's  paper  which  is  worth  while  emphasi^ng 
and  is  perceived  at  once,  if  one  calculates  the  amount 
of  power  necessary  to  actuate  this  vibration  galvano- 
meter sufficiently  to  give*  a  reading.  If  one  takes 
Dr.  Agnew's  data,  he  will  find  that  this  instrument 
gives,  at  the  frequency  mentioned  in  the  paper, 
(thit  is  to  say,  25  and  60  cycles)  a  readable  deflection 
with'  10"*"  watt,  one  millionth  of  one  millionth  of  a 
Watt.  Evidently  this  gives  the  experimenter  an 
instrument,  which,  at  the  frequency  noted,  is  compar- 
ably better  than  any  other  type  of  instrument  available. 

I  have  used  the  vibration  galvanometer  a  great 
deal  in  laboratory  work,  especially  at  the  low  fre- 
qutacies  where  the  telephone  was  not  usable,  and 
have  encountered  the  difficulty  Dr.  Sharp  mentioned — 
every  time  a  car  runs  up  and  down  the  street  outside 
the  laboratory,  the  galvanometer  goes  off  the  scale, 
and  we  have  to  wait  until  the  cars  stop  running  before 
we  can  make  any  determinations.  That  was  with  a 
very  sensitive  type  of  vibration  galvanometer  recently 
described  by  Dr.  Wenner.  I  think  this  galvanometer 
described  by  Dr.  Agnew  is  a  very  wonderful  device  and 
I  hope  soon  to  have  one.  There  is  one  point  which 
struck  me  both  in  Dr.  Whitehead's  paper  and  in  his 
discussion  of  Dr.  Agnew's  paper,  and  that  is  the  use 
of  the  vacuum  tube  in  rectifying  current  in  place  of 
a  commutator. 

I  think  Dr.  Whitehead  is  aware  of  the  fact — he  did 
not  point  it  out — that  an  instrument  of  the  type 
Dr.  Agnew  tells  us  about  would  give  a  deflection 
varying  with  the  first  power  of  the  impressed  voltage, 
that  is,  it  gives  a  scheme  of  sensibility,  which  does 
not  fall  off  too  rapidly  as  the  voltage  goes  down.  If 
one  tries  to  use  the  two  electrode  vacuum  tube  in 
place  of  the  commutator,  one  will  find  at  once  that  it 
has  a  very  bad  quality.  The  amount  of  rectified 
current  which  one  can  get  with  the  tube  varies  as  the 
square  of  the  impressed  voltage,  and  it  will  be  appre- 
ciated that  as  the  voltage  goes  down,  the  rectified 
part  of  the  current,  (which  is  the  only  thing  the  direct- 
current  voltmeter  has  cognizance  of)  falls  off  more 
rapidly;  hence,  anyone  trying  to  use  a  vacuum  tube 
in  place  of  the  commutator  should  have  that  point  in 
mind,  that  the  sensitiveness  of  these  rectifying  tubes 
falls  off  very  rapidly  as  the  impressed  voltage  decreases. 

This  difficulty  can  be  remedied  to  some  extent, 
by  impressing  a  polarizing  voltage  on  the  tube,  so 
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that  there  is  a  large  direct  current  flowing  through 
the  tube  all  the  time,  but,  of  course,  one  must  not 
have  that  current  flowing  through  the  galvanometer 
being  used  as  detector,  and  there  must  be  a  balanced 
circuit  put  in,  otherwiii^  the  device  is  no  good,  and  that 
makes  it  somewhat  difficult  to  use  the  vacuum  tube, 
as  a  sensitive  rectifier.  It  sounds  nice  to  use  a  vacuum 
tube,  having  no  moving  contacts — it  is  an  excellent 
thing  to  get  away  from  moving  contacts — still  the 
vacuum  tube  does  labor  under  some  difficulties. 

In  our  laboratory  we  noticed  also  an  effect  which 
one  of  the  members,  discussing  Dr.  Whitehead's 
paper,  brought  up,  that  has  to  do  with  the  use  of 
commutators  on  very  low-voltage  circuits.  It  seems 
that  a  contact  having  very  few  ohms  resistance  for 
ordinary  currents  may  possibly  open  the  circuit  for  a 
very  low  voltage.  In  the  case  of  sliding  metallic 
contacts  in  circuits  excited  perhaps  with  micro-volts, 
the  contact  actually  seems  to  open.  Thus,  there  is 
a  limiting  voltage  beyond  which  the  contact  does 
show  a  very  high  resistance,  and  is  comparatively 
useless.  It  will  also  be  found  that  the  rubbing  of 
the  two  metals  (brush  and  commutator)  will  itself 
give  more  than  a  micro-volt  and  hence,  unless  one 
is  very  careful  the  errors  involved  due  to  the  rubbing 
of  one  metal  against  another  are  likely  to  be  greater 
than  the  thing  being  measured. 

J.  B.  Whitehead:  I  thank  Prof.  Morecroft  for 
emphasizing  the  point  I  meant  to  bring  out  when  I 
mentioned  the  use  of  the  Fleming  valve  as  a  rectifier, 
namely,  the  difference  in  sensitivities,  the  vibration 
galvanometer  having  an  evident  advantage  there,  for 
the  reasons  which  Prof.  Morecroft  has  mentioned. 
There  are  however,  many  cases  in  which  extreme 
sensitivity  is  not  necessary,  and  in  these  cases  the 
vacuum  tube  appears  to  have  many  advantages. 

In  connection  with  the  second  point  that  Prof. 
Morecroft  has  raised,  namely,  the  difficulties  of  the 
commutator  at  low  values  of  voltage,  we  encountered 
them  to  some  extent,  in  taking  our  wave  forms,  and 
we  have  described  in  one  of  the  paragraphs  in  con- 
nection with  Fig.  6,  just  how  the  trouble,  as  we  found 
it,  was  taken  care  of  by  taking  rapid  reverse  readings, 
with  commutator  running  on  closed  circuit,  and  on 
open  circuit.  It  is  necessary  to  take  immediately 
successive  observations  in  order  to  correct  for  condi- 
tions at  the  point  of  contact  of  the  brush  with  the 
commutator. 
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OSCILLOGRAPHS  AND  THEIR  TESTS 


BY  A.  E.  KENNELLY,  R.  N.  HUNTER  AND  A.  A.  PRIOR 


Abstract  of  Paper 

A  method  and  technique  for  the  testinfi^  and  calibration  'of 
oscillographs  is  described,  usin^  an  auxiliary  vibrator  or  "oaoiUo- 
graphmeter"  for  the  production  of  Ldssajous  optical  figures, 
whereby  the  resonant  frequencv  /«  of  the  tested  oscillograph 
ma^  be  readily  ascertained.  From  this  and  one  other  test, 
which  is  preferably  a  comparative  calibration  at  60  '^  and  at  the 
resonant  frequency,  the  bluntness  of  resonance  B  of  the  oscillo- 
graph is  determined. 

From  the  two  essential  constants  /e  and  ^  of  an  oscillograph, 
its  indications  at  any  assigned  frequency  can  be  corrected  for 
the  inertia  of  its  vibratory  system.  At  high  frequencies,  the 
correction  may  be  relatively  large. 

A  number  of  oscillographs  have  been  tested  for  their /•  and  B. 
The  principal  results  obtained  are  reported  in  the  papcnr. 
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ALTHOUGH  oscillographs  have  come  into  very  general 
electrical  engineering  use,  and  are  invaluable  in  many 
laboratory  investigations,  no  methods  for  testing  them  seem  to 
have  been  published.  It  is  important  to  develop  methods  for 
the  testing  of  oscillographs,  because  all  those  oscillographs 
which  employ  mechanical  vibratory  systems  behave  differently 
to  alternating  currents  of  different  frequencies.  If  calibrated 
at  say  60  ^ ,  their  calibration  at  other  frequencies,  and 
especially  at  high  harmonic  frequencies,  will  be  different.  If 
an  oscillographic  waveform  is  analyzed  into  its  Fourier  com- 
ponents, the  apparent  value  of  each  component  requires  to  be 
corrected,  both  as  to  amplitude  and  as  to  phase.  In  some 
cases,  these  corrections  may  be  very  large;  while  in  others  they 
may  be  insignificant;  but  in  all  cases  the  oscillographer  should 
know,  and  be  able  to  determine,  the  magnitude  of  the  correcticm 
to  be  applied  to  the  terms  of  his  Fourier  analysis,  if  only  for  the 
purpose  of  assuring  himself  that  these  corrections  are  too  small 
to  be  worth  taking  into  account,  for  those  purposes  to  which 
his  oscillographic  records  are  to  be  applied.  Strictly  speaking, 
no  oscillogram  is  complete,  as  a  technical  record,  without  an 
appended  index  of  correction.    It  has  already  been  pointed 

♦Bibliography  7,  12. 
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out  that  these  corrections  are  due*;  but  no  technique  has  been 
published,  so  far  as  the  authors  are  aware,  for  determining  the 
range  of  frequency  errors  in  any  particular  instrument.  It  is 
the  object  of  this  paper  to  supply  a  technique  for  the  testing  of 
oscillographs,  as  the  outcome  of  laboratory .  researches  con- 
ducted to  that  end  for  the  last  two  years. 

Before  discussing  the  technique  of  oscillograph  testing,  it 
is  desirable  to  consider  certain  preliminary  and  underlying 
principles  relating  to  the  operation  of  the  mechanically  vibra- 
ting oscillograph.  These  principles  are  by  na  means  newf;  but 
the  forms  in  which  they  are  here  presented!  are  believed  to  be 
distinctive,  and  relatively  easy  for  the  student  to  a;ppi*ehend. 
They  depend  upon  a  close  analogy  between  the  mechanics  of 
a  simple  vibratory  system  and  the  electromagnetics  of  a  simple 
altenjating-current  system. 

Vector  Current  Impedance  of  an  L.  R.  S.  Branch.  Fig.  1 
represents  a  Simple  branch  circuit  A  B,  between^  a  pair  of 
alternating-current  mains  mm\  which  are  ^         ^^ 

maintained  at  a  constant  r.m.s.  voltage,  by      7  "" 
means  of  voltmeter  V.    The  branch  contains        j 
a  condenser  of  capacitance  C  farads,  a  resis-       '      ^       / 
tance  of  R  ohms  and  an  inductance  of  L      ^ 
Henrys.    Any  resistance  associated  with  the       j 
inductance  is  supposed  to  be  displaced  into,        i    =t=  ^'^ 
and  segregated  with,  the  resistance  R.    The      "*       em' 
values  of  C,  L  and  R,  are  assumed  to  remain 
fixed  and  unchanged.  Fia.  i-Sixglb  LRS 

The  a-c.  generator  connected  to  and  sup-  ^^^^^  Cikcuit 
plying  the  mains  m  m\  is  supposed  to  be  able  to  supply,  at 
will,  any  desired  frequency,  from  the  lowest  to  the  highest, 
without  altering  the  r.m.s.  e.m.f .  E  volts.  This  e.m.f .,  while 
being  varied  in  frequency  from  nearly  zero  to  a  very  high 
value,  remains  simply  sinusoidal  throughout.  In  other  words, 
the  impressed  e.m.f.  is  supposed  to  be  pure,  and  devoid  bf 
harmonics.  Then,  at  any  impressed  frequency  /cycles  p^ 
second,  and  impressed  angular  velocity  co  =  2  irf  radiani^  per 
second,  the  impedance  of  the  branch  circuit  will  be  ' 

Z  =  i?  +y  (l  0,  --^)     ,.,„.,  ohms  Z  ,  ,(i) 

.    . ,     •  •  •     *  c 


t Bibliography  2,  4,  5,  7a,  8,  12. 
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or,  if  5  ==  1/C,  is  tKe  elastance  of  the  condenser  in  darafs,  this 
becomes 

Z  =  R  +j  {L  0)-  S/o))  ohms  Z     (2) 

the  graph  of  this  impedance,  as  is  well  known,  is  the!  straight 
line  ABC  D  EF,  Fig.  2,  in  the  impedance  plane,  parallel  to  the 
y  axis,  and  distant  R  ohms  therefrom.  Commendng  with 
frequency  zero,  the  impedance  j  L  co  of  the  reactor  is  indefi- 
nitely small,  but  the  impedance  —  j  S/o)  of  the  condenser  is 
infinite;  so  that  the  impedance  Z  then  has  the  size  of  infinity, 
in  the  direction  of  B  A  produced,  and  with  a  slope  a  of 
—  90  deg.  As  the  impressed  angular  velocity  is  increased, 
both  the  size  and  the  slope  of  Z  diminish;  until,  at  a  certain 
frequency,  which  may  be  denoted  by  coi,  the  size  of  the  reac- 
tance {L  0)—  S/ co)  is  negatively  just  equal  to  the  size  of  the 
resistance  R.    The  impedance  will  then  be  OB  Fig.  2,  or 

Zi  = /?-y/?  « /?v/"2"^  45  ohm$Z     (3) 

the  slope  a  being  then  —  45. 

Increasing  the  angular  velocity  up  to  the  resonant  value, 
which  may  be  denoted  by  coo,  the  reactance  L  co  —  jS/w  ««  0, 
and  the  impedance  becomes  the  real  value  0  D  =  JB  ohms,  of 
slope  0  deg. 

Increasing  the  angular  velocity  up  to  a  certain  value  coj,  when 
the  reactance  has  a  size  that  is  positive  and  just  equal  to  R, 
the  impedance  reaches  the  vector  value  0  E,  and  is: 

Zi  =  R +jR  =  RV2Z45.  ohmsZ       (4) 

The  values  of  angular  velocity  coi  and  coj,  may  be  called  the 
lower  and  upper  quadrantal  angular  velocities,  respectively. 
Similarly,  Zi  and  Z2,  corresponding  thereto,  are  the  qiiadrantal 
impedances. 

Finally,  if  the  impressed  angular  velocity  is  increased  towards 
infinity,  the  reactance  of  the  condenser  C  becomes  indefinitely 
small;  but  that  of  the  inductance  L  indefinitely  great;  so  that 
the  impedance  of  the  C  L  R  branch  approaches  infinity  in  size, 
and  +  90  deg.  in  slope,  and  lies  in  the  vector  direction  from  0, 
towards  E  F  indefinitely  produced. 

The  impedance  diagram  of  Fig.  2  has  been  prepared  for  the 
case  in  which  R  =  100  ohms,  C  =  0.5  X  10"®  farad  and 
L  =  5  X  10-3  henry.  Each  unit  on  the  scale  of  the  diagram 
then  represents  100  ohms.  The  resonant  angular  velocity  coo 
is  thus  20,000  radians  per  second,  corresponding  to  a  frequency 
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of /o  =  3183  ~  .    If  we  denote  by  u,  the  ratio  of  the  impreased 
to  resonant  frequency,  or 

u  =  u/foo  =  ///o  numeric    (S) 

the  small  circles  along  the  impedance 
locus,  fig.  2,  are  marked  with  thar 
corresponding  values  of  u,  for  thb  par- 
ticular case,  from  u  =  0^  or  cj  -  4000, 
to  w  =  5  or  w  =  100,000. 
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Fig.  2— Rectilinear 
Qbaph  of  Impedance  to 
Cdeebnt  for  Caseb  or 

f  R  =  10'.       L  =  5  X 

\  r  =  ICM,  m  =  5  X 
ICM,  S-2X]0'\ 
10-'.     »    =  2  X  IC  ' 

w,  =  20,000     ^  = 

10,000     B  =  0.5 

In  the  Electric  Case. 
Unit  Length  =  10" 
Obms. 

In  the  Mechanic  Case, 
Unit  Lbnoth  =  10-' 
Mechanic  Abhohmb, 
OR  Dtnes-Perp.  Cm. 
Per  Radian  Per  Sec. 


OEGBEES 

Fio.  3— CiBCULAR  Orapb  or  Admittance 
■oCuRKENT  OK  TO  Velocity  for  Cases  of 

i  R  =  ity,     L  =r>  X  10-',   s  =  2  X  10*  I 

\t    =  lO-".     m  =  5  X  10-',     s    =  2  X  10"  J 

U-,  =  20.000     i  =  10,000     B  =  0.5 
N'  THE  Electric  Case,  Unit  Length  Rbphk* 

BENTS  IO-'MhO. 

^N  THB  Mechanic  Case, UmtLenqthRkpsk- 
sents  10"  Mechanic  Aumho  or  Radians 

Per  Sec.  Per  Unit  V.M.T. 


The  lower  quadrantal  value  of  impedance  0  B,  occurs  at 
I  =  0.618,  or  wi  =  12,361  radians  per  second.    The  upper 
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value  0  E,  occurs  at  u  =  1.618,  or  coj  =  32,361.  The  range 
between  these  two  quadrantal  values  of  impressed  angular 
velocity  may  be  described,  for  convenience  as  the  quadrantal 
range. 

As  will  be  subsequently  discussed,  the  quadrantal  range  of 
u  in  each  case  corresponds  to  the  sharpness  of  resonance.  In 
this  case,  the  quadrantal  range  of  u  is  from  0.618  to  1.618,  or 
amoimts  to  1.0. 

If  we  form  the  graph  of  the  admittance  Y^  of  the  brandi 
LR  S,hy  forming  the  successive  planevector  reciprocals  of  the 
impedance  Z,  we  obtain  the  circle  0  Yi  Yo  Y2,  IHg.  3,  aroimd 
which  advance  is  made  clockwise,  as  the  impressed  frequency 
is  increased.  0  Yi  and  0  Y2,  are  the  quadrantal  admittances 
at  the  lower  and  upper  quadrantal  angular  velocities  coi  and  u)% 
respectively.  Any  point  in  the  Z  graph.  Fig.  2,  characteiized 
by  the  slope  —  a  deg.,  of  the  planevector  0  P,  corresponds  to 
a  point  P,  in  the  Y  graph  Fig.  3,  having  for  its  planevector  0  P 
the  slope  +  a  deg,  and  the  size  G  cos  a,  where  G  (  =  1/R),  is 
the  conductance  of  /?  in  mhos. 

It  is  easy  to  show  that  the  two  quadrantal  angular  velocities 
cji  and  0)2,  whose  vector  admittance  slopes  are  45  deg.  plus  and 
minus  respectively,  have,  as  their  geometrical  mean,  the 
resonant  angular  velocity,  or 

, radians       ,^v 

V  COi  CO2  =   COo  (6) 

sec. 

Moreover,  this  relation  is  not  confined  to  the  quadrantal  pair 
of  angular  velocities.  Any  pair  co/  and  C02',  characterizing  the 
vectors  0  P  and  0  P'  in  Fig.  3,  whose  slopes  are  respectively 
+  a  deg.  and  —  a  deg.,  are  subject  to  the  relation  expressed  in 
(6),  or  have  coo  as  their  geometric  mean. 

Vector  Maximum  Cyclic  Current  in  a  C LR  Branch.  It  will 
be  evident  from  a  consideration  of  the  vector  admittance  graph 
Pig.  3,  that  if  a  maximum  cyclic  constant  voltage  E  is  impressed, 
at  standard  phase,  on  the  C  L  R  branch,  at  varied  frequency, 
the  vector  graph  of  maximum  cyclic  current  in  the  branch  will 
be  a  circle,  similar  to  that  of  Fig.  3,  since 

I  =  E  Y  max.  eye.  amperes  Z     (7) 

where  /  is  the  maximum  cyclic  vector  current.  In  fact,  Fig.  3 
may  then  be  interpreted  as  a  vector  current  graph,  if  the  scale 
of  the  diagram  be  properly  chosen.    Consequently,  as  the 
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frequency  is  increased  from  zero  to  infinity,  the  maxi^inm 
cyclic  current  changes  from  0  Z  90  deg.  to  0  \  90  deg.  an^p^res, 
through  the  resonant  value  E  G  /.  0  deg. 

Corresponding  Mechanical  Vibrating  System.  Fig.  4  repre- 
sents the  elements  of  a  simple  bifilar,  oscillographic  vibrator,  in 
which  two  similar  parallel  fine  wires  pr  strips,  A  B  s^d  C  D, 
carry  the  same  alternating  current  in  a  uniform  powerful 
magnetic  field.  The  direction  of  the  field  lies  substantially  in 
the  plane  AB  DC.  At  the  center  of  the  rectangle  AB DC, 
the  small  mirror  m  is  fastened  symmetrically.  The  two  wires 
are  supposed  to  be  equally  stressed  in  tension.  The  vibrator  is 
immersed  in  a  damping  fluid,  such  as  air,  oil,  or  glycerine. 

When  a  maximimi  cyclic  current  /  absamperes 
passes  through  the  vibrator,  it  produces  a  maxi* 
mum  cyclic  vibromotive  torque  on  the  mirror 

F  =  A  /      max.  eye.  dytie-perp.-cm.  Z     (8) 

This  is  a  planevector  alternating  torque,  propor- 
tional to  /,  and  measurable  in  dynes  acting  per- 
pendicularly to  a  radius  arm  of  1  cm.,  supposed 
to  be  erected  perpendicularly  to  the  plane  of  the 
mirror.  The  coefficient  A  is  a  real  numeric, 
depending  on  the  strength  of  the  magnetic  field, 
the  length  and  the  tension  of  the  vibrator  wires, 
etc.  The  phase  of  the  torque  will  be  the  same 
as  the  phase  of  the  current,  if  the  wires  are  of  non- 
magnetic material.  The  angular  displacements 
produced  in  the  vibrator  mirror  are  assumed  to  be  small;  i.  e., 
of  the  order  of  a  few  degrees  only. 

The  alternating  vibromotive  torque  F  (abbreviated  v.m.t.), 
acting  on  the  vibrator  of  Fig.  4,  corresponds  to  the  alternating 
e.m.f.  E,  acting  on  the  C  L  R  branch  of  Fig.  1.  F  tends  to 
produce  an  alternating  angular  velocity  of  the  mirror, .  just  as 
E  tends  to  produce  an  alternating  current  in  the  C LR  branch. 
Just  as  JS^  is  opposed  by  an  electric  impedance  Z,  expressed  as 
in  (2),  so  F,  is  opposed  by  a  mechanical  impedance  z,  expressed 
by  a  similar  equation 


Pully  ControlM 
by  Sprir^ 

Fig.    4— Oa- 

CILLOQRAPH 
ViBBATOB 


z  =  r+j(mc»)—  s;  it)) 


dynes  perp.  cm. 
radians  per  sec. 


(9) 


Here  r  is  the  frictional  resistance  of  the  vibrator  ABC D^ 
Fig.  4,  to  alternating  angular  velocity,  which  causes  energy  to 
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be  dissipated  as  heat  in  the  damping  field.  The  quantity 
(w  CO  —  s/  co)  is  that  mechanic  resistance  of  the  vibrator  to 
alternating  angular  velocity,  which  causes  energy  to  be  shifted 
cyclically  from  the  resilient  wires  to  the  inertia  of  the  vibrating 
system,  and  which,  therefore,  occupies  mechanical  power  in 
cyclic  storage  and  release,  but  without  dissipation.  The 
quantity  m  corresponds  to  the  inductance  L  of  the  branch 
circuit,  and  is  the  moment  of  inertia  of  the  vibrating  system, 
expressible  in  gm  —  cm*,  or  what  is  equivalent  thereto^  in 

dynes-perp.  cm. 


(radians  per  sec.)' 


The   quantity   8   corresponds  to.  the 


elastance  S  of  the  branch  circuit,  and  is  the  elastic  stiffness,  or 
resistance  to  angular  displacement,  of  the  vibrator,  express- 
ible in  dynes-perp.-cm.  per  radian.  The  complex  quantity 
Z,  is  thus  a  mechanic  impedance,  analogous  to  electric 
resistance,  and  capable  of  being  expressed  in  mechanic  ab- 
sohms  Z . 

Vector  Angular-Velocity  Impedance.  In  view  of  the  corres- 
ponding relations  between  an  electric  branch  circuit,  and  a 
mechanic  vibrator,  the  impedance  graph  of  Fig.  2  may  be  re- 
garded as  representing  the  graph  of .  impedance  to  angular 
velocity  of  the  vibrator  mirror  in  Fig.  4.  At  a  very  low 
impressed  angular  velocity,  this  impedance  z  commences  at 
cx)  \  90  deg.  mechanic  absohms.  At  a  very  high  impressed  w, 
z  ends  at  oo  Z  90  deg.  mechanic  absohms.  At  resonant  ang- 
ular  velocity,    coo,    z  passes  through  the  value  r  Z  0  deg. 

Vector  Angular 'Velocity  Admittance.  In  view  of  the  same 
electric-mechanic  analogy,  the  circular  vector  admittance 
graph  to  alternating  current,  Fig.  3,  may  also  be  regarded  as  a 
vector  admittance  graph  to  alternating  torque.  As  the  angular 
velocity  impressed  on  the  vibrator  increases  from  zero  to 
infinity,  the  admittance  y  =  l/z,  varies  from  0  Z  90  deg., 
through  g  /.  0  deg.,  to  0  \  90  deg.  mechanic  abmhos,  where 
g  =  1/r,  is  the  "mechanic  conductance"  of  the  system,  expres- 

., ,     ,     .      radians  per  sec. 

sible  also  m  7-5 r-  . 

(dynes  perp.  cm.) 

The  circular  admittance  graph  of  Fig.  3,  corresponds  not  only 
to  Fig.  2,  by  inversion ;  but  also  to  either  of  the  following  cases: 
Electrically,  R  =  100  ohms,  G  =  lO"^  mho,  L  =  5  X  10-» 
henry,  5  =  2  X  10«  darafs. 
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dynes  perp.  cm. 


Mechanically,  r  =  10" 


radian/sec. 


dyne  perp.  cm. 
8  =  2  X  10*    ^^^  ^^'  ^"^* 


radian 

In  either  case,  the  resonant  angular  velocity   coo  =  20,000 

radians/sec. 
In  the  electric  case,  unit  size  on  the  graph  corresponds  to  10"* 

mho. 
In  the  mechanic  case,  unit  size  corresponds  to 

1AI      radian/sec. 
dyne  perp.  cm. 

The  resonant  range  in  w  is  from  Ui  =  0.618,  through  1.0  to 
tt,  =  1.618. 
The  size  of  the  resonant  admittance  is  G  mhos  electrically;  or 

radians/sec.  v     •    n  i.  i.  i.    j       -i.  j 

g     L mechanically;  or  what  may  be  descnbed 

^   dyne  perp.  cm. 

as  "mechanic  abmhos",  since  the  mechanic  units  are  all  referred, 
for  convenience,  to  the  C.  G.  S.  system. 

The  size  in  Fig.  3  of  the  admittance  Y  or  y,  at  any  slope  a 
deg.,  is  G  cos  a  electrically,  or  g  cos  a  mechanically. 

We  may  express  the  maximimi  cyclic  angular  displacement 
of  the  vibrator  mirror  by  8  radians  Z.    The  instantaneous 

dO 
angular  velocity  will  then  be  -ir-  or  0  radians  per  sec.  and  the 

maximum  cyclic  value  of  the  mirror's  angular  velocity  may  then 

do 
be  denoted  by     — -r^ —  ,  or  8  radians  per  sec.    Here  8  cor- 
responds to  /. 
FoUiowng  the  same  analogy  with  reference  to  (6), 

•  

Q  =  F  y  max.  eye.  radians  per  sec.  Z  (9) 

where  the  v.m.t.  F  is  taken  as  of  standard  phase,  or  zero  slope. 
Consequently,  Fig.  3  may  be  interpreted  as  the  graph  of 
angular  velocity  produced  by  an  exciting  current  /  max.  cy. 
absamperes  in  the  vibrator,  at  varied  angular  velocity,  the  scsAe 
of  the  diagram  being  suitably  chosen.  As  co  varies  from  zero 
through  coi,  coo,  and  CO2,  to  infinity,  8  varies  from  0  Z  90  d^., 
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through  FyiZ  45 deg.,  Fg  Z  0 deg.,  Fys  ^  45  deg.  to  0  \  90 
deg.,  radians  per  sec.  Z.  This  means  that  at  the  angular 
velocity  of  resonance,  the  angular  velocity  of  the  mirror  is 
greatest,  and  is  in  phase  with  the  exciting  alternating  current. 
At  a  very  low  frequency,  9  is  insignificantly  small,  but  in 
leading  quadrature  to  the  exciting  current.  At  a  very  high 
frequency,  9  is  again  very  small,  but  in  lagging  quadrature  to 
the  exciting  current.  At  the  quadrantal  frequencies  /i  and  /s, 
the  size  of  the  angular  velocity  will  be  0.707,  or  2-^^  of  tha.t  at 
resonance,  and  will  be  in  semiquadrature  with  the  exciting 
current. 

Thus  in  Fig.  3,  interpreted  electrically  at  10"*  mho  per  unit 
of  length,  with  impressed  frequency  w  =  10,000  radians  per 
second,  or  u  =  0.5,  Y  =  0.555  X  10"'  Z  56.3  deg.;  so  that  1 
volt  max  cy.  e.m.f  at  this  frequency  and  standard  phase 
applied  to  the  C LR  circuit,  of  the  constants  chosen  above, 
would  establish  a  current  of  0.555  X  10**  Z  56.3  deg.  max.  cy. 
ampere,  or  5.55  max.  cy.  milliamperes,  leading  the  e.m.f  by 
56.3  deg.  If,  however,  the  mechanic  application  of  Fig.  8  is 
considered,  with  100  mechanic  abmhos  to  the  unit  of  length,  one 
ftiax.  cy  dyne-perp-cm.  applied  to  the  vibrator,  at  o)  ==  10,000 
or  u  =  0.5,  would  establish  a  max.  cy.  angular  velocity  of 
55.5  Z  56.3  deg.  radians  per  sec.  As  the  mirror  crossed  the 
zero  point  on  its  scale,  it  would  be  moving  with  the  atngular 
velocity  of  55.5  radians  per  second,  or  3180  degrees  per  second, 
and  this  zero  would  be  crossed  56.3  deg.  ahead  in  phase  of  the 
impressed  v.m.t. 

In  the  electric  system,  resonance  occurs  at 

radians 


In  the  mechanic  system,  resonance  correspondingly  occurs  at 


radians 


coo  =  Vs/m  — — -—      (12) 

Damping  Constant  of  Oscillating  Systems,  Electric  and 
Mechanic.  If  we  energize  either  the  condenser  or  the  reactor 
or  both  these  elements  in  Fig.  1,  and  removing,  from  the  mains, 
the  branch  circuit  C  L  R,  close  it  on  itself,  the  damping  factor 
of  its  current,  assuming  no  loss  of  power  in  either  5  or  L  is 
known  to  be 

R 
A  =  ^-f-  hyps  per  sec.        (13^ 
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This  may  be  r^arded  as  the  hyperbolic  angular  velocity  of 
decay  in  the  circuit,  expressible  in  hyperbolic  radians  per 
second*  Similarly,  if  we  energize  either  the  wires,  or  the  mass 
of  the  vibrator,  or  both  these  elements  in  Fig.  4,  the  damping 
factor  of  the  angular  velocity,  assuming  no  loss  of  power  in 
either  s  or  m,  is: 

A  =  2"^  hyps  per  sec.     (14) 

This  is  also  the  hyperbolic  angular  velocity  of  decay  in  vibra- 
tion. This  quantity  A  is  very  important  in  oscillographic^ 
theory.  The  reciprocal  of  A  may  be  called  the  oscillatory  time 
constant  of  either  system,  or 

1  /A  —      J/       __      m  seconds  ,--. 
^^  "  ^^^  "  W2)   "  1x72)             hyp.  radian      ^*^^ 

This  is  equal  to  the  time  in  which  free  oscillations  fall  to  1/c  th 
in  size.  The  damping  factor  may  also  be  obtained  from  the 
quadrantal  angular  velocities,  by  the  relation 

^    co2~  coi    ^    (2-  fi  hyp         .jg 

2  *^       TT  sec.         ^    ^ 

or  from  any  angular  velocity  co,  at  which  the  slope  of  the  vector 
admittance  is  a  deg.,  by  the  more  general  relation: 

CO--  coo*                                             hyps.       ,-«. 
A  =  -75 — VT (17; 

2  CO  tan  a  sec. 

In  the  case  represented  by  Figs.  2  and  3,  A  =  10,000  hyps, 
per  sec. 

Sharpness  and  Bluntness  of  Resonance,  The  sharpness  of 
resonance  of  a  circuit,  or  of  a  vibrator,  may  be  defined  as  the 
ratio  of  the  resonant  angular  velocity  to  the  damping  factor,  or 

,  ,  COo  2   COo  COi  2   COo  CO2 

A  =■  coo/A  = 


/     CO2-    COi    \ 

I    2    ; 


COo^—    COi^  CO2-  ~    COo* 


/o  2  tt/o         m  COo  s 


h-h   \  A  (r/2)  (r/2)  coo 


(-^^) 


Vms         y/  L/C 
r/2      "      R/2 


niuneric     (18) 
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Very  sharp  resonance  thus  implies  a  large  ratio  of  coo  to  tJie 

«.^^uad,antal  range  <-^  ,  Re«,nance sharp„««s in 

designedly  resonant  electric  circuits  are  commonly  of  the  first 
order,  (near  10^  and  occasionally  exceed  the  second  order  (10*). 
In  vibrators,  the  magnitudes  encountered  are  of  similar  orders. 
In  air-damped  vibration  galvanometers,  a  resonant  sharpness 
as  high  as  the  third  order,  (1000)  may  be  met. 

The  reciprocal  of  the  sharpness  of  resonance  may  be  called 
B,  the  bluntness  of  resonance 


B  =  1/A  =  A/coo  = 


_  V     2     ; 


0)0*—    COi* 


(Oo  2  COo  0)1 


0)2*-  0)0*    ^  V       2       /  ^       A       ^    (r/2) 
2  0)0  0)2  /o  2  ir/o         tn  o)o 

^   (r/2)  0)0  ^     (r/2)     ^      R/2      ^    Ug-  Ui 

numeric  (19) 
When  the  bluntness  of  a  CL JB  circuit,  or  of  a  vibrator, 
attains  the  value  unity,  the  system  is  critically  damped,  or  is 
just  aperiodic.  If  it  exceeds  unity,  the  system  is  overdamped, 
or  ultraperiodic.  If  the  bluntness  is  less  than  unity,  or  the 
sharpness  greater  than  unity,  free  oscillations  can  occur. 
With  high  sharpness,  numerous  oscillations  accompany  oscilla- 
tory decay.  Air-damped  oscillographic  vibrators  commonly 
have  a  sharpness  A  of  100  or  more,  or  a  bluntness  B  of  about 
0.010  or  less.  Oil  damped  vibrators  may  easily  have  a  blunt- 
ness B  greater  than  unity.  These  numerical  coefficients  A  and 
B  are  important  in  oscillographic  theory.* 

*The  resonance  sharpness  thus  defined  is  double  that  used  in  some 
publications.  See  Bibliography  11,  13,  17.  As  defined  in  (18),  it  may 
be  distinguished  as  Ao,  and  has  certain  algebraic  advantages  over  the 

0)o 

lesser  value  A«  =  .     In  this  paper  A  stands  for  Ao,  and  its  reciprocal 

B  for  ^0.    Ao  may  be  regarded  as  an  oscillatory  sharpness,  depending  on 

2L 

the  oscillator^'  time  constant  to  =  seconds,  and  as  distinguished  from 

R 

the  shari>ness  of  sustained  alternation  A«,  depending  on  the  time  constant 
of  continuous-current  application  r«  =  L/R  seconds.  Hence  i^«  =  2  B^, 
A,  =  Ao/2;  or  Bo  =  Bt/2  and  A©  •=  2  A,. 
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In  the  case  represented  in  Figs.  2  and  3,  A  =  2,  and  B  =  J^. 
This  means,  therefore,  that  in  the  case  of  those  figures,  the 
r^istance  to  either  electrical  or  mechanical  motion  is  just 
half  of  that  which  would  render  the  system  aperiodic,  or 
critically  damped. 

Rapidity  of  Change  in  Phase  Angle  a,  of  I  or  Q,  with  respect  to  ■ 
CO.  In  sharply  resonant  systems,  (A  >  1),  a  small  change  in 
the  impressed  angular  velocity  will  involve  a  rapid  change  in 
the  phase  angle  a  of  current  /,  or  angular  velocity  0,  Fig.  3, 
near  resonance.  In  cases  of  very  sharp  resonance,  or  small 
damping,  a  change  of  a  few  radians  per  second  in  co,  near  to  wo, 
may  carry  the  vector  /,  or  8,  around  the  quadrantal  range  in 
slope  (from  a  =  +  45  deg.  to  a  =  —  45  deg.).  On  the  other 
hand,  in  bluntly  resonant  systems  (B  >  1),  it  may  require  a 
relatively  large  change  in  co  to  carry  the  vector  /  or  8  over  the 
same  range.  In  the  neighborhood  of  the  resonant  angular 
velocity  coo,  we  may  notice  that 

=  -  1/A  =  -  To  seconds     (20) 


d  CO 


so  that  the  phase  a  changes  near  resonance  by  —  to  radians 
per  single  radian  per  second  in  co.  By  (14),  this  change  is 
rapid  ih  a  system  of  large  L  and  small  jR,  or  of  large  m  and  small 
r.  With  a  large  frictional  resistance  r,  this  rate  of  change  in  a 
becomes  small. 

Again,  the  quadrantal  range  in  a  is  from  ai  to  a2,  or  —  90 
deg.  or  —  7r/2  radians  (see  Fig.  3).  The  corresponding  change 
in  angular  velocity  is  CO2  —  coi  =  2  A  =  2/ro.  Consequently, 
the  average  rate  of  change  in  a  with  respect  to  co,  over  the- 
whole  quandrantal  range  is 

-  =  —  (7r/4)  .  To  =  —  0.7854  To 


CO2-    COi  (2/To) 

seconds     (21) 

or  the  average  rate  of  change  in  a  with  respect  to  co  is  78.5  per 
cent,  over  the  whole  resonant  range,  of  what  it  is  at  resonance, 
where  the  rate  is  a  maximum.  Above  and  below  the  quad- 
rantal frequencies,  at  which  the  reactive  factor 

m  CO  —  s/co    _       - 
r 

the  rate  of  change  in  a  with  change  in  co  diminishes.    At  large 
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reactive  factors,  it  diminishes  approximately  as  the  inverse 
square  of  the  reactive  factor. 

Impedance  to  Displacement.  The  foregoing  discussion  relates 
to  the  evaluation  of  the  maximiim  cyclic  current  /  in  a  C  L  iJ 
branch,  or  to  the  maximum  cyclic  angular  velocity  0  of  a 
vibrator  mirror.  ^  This  maximum  cyclic  angular  velocity  occurs 
at  the  moment  when  the  mirror  is  passing  through  its  zero  or 
central  position.  The  oscillographer  is  only  indirectly  inter- 
ested, however,  in  the  angular  velocity  of  his  mirror.  He  is 
directly  interested  in  the  angular  displacements,  or  elongations, 
of  his  mirror.  In  the  electric-circuit  analogy,  the  mirror  dis- 
placement corresponds  to  the  alternating  displacement  of  elec- 
tricity, or  electric  quantity,  Q  coulombs  Z  .  The  quantity  Q 
is  the  time  integral  of  the  current  /.  In  the  assiuned  condition 
of  a  simple  harmonic  or  purely  sinusoidal  current,  the  quan- 
tity Q  is  also  sinusoidal.  It  is  in  direct  proportion  both  as  to 
magnitude  and  phase  with  the  voltage  across  the  condenser, 
or  is  in  lagging  quadrature  with  the  current.  We  are  there- 
fore led  to  study  the  impedance  to  displacement  or  "displace- 
ment impedance"  of  a  branch  or  a  vibrator,  in  order  to  evaluate 
8,  the  maximum  cyclic  angular  displacement  of  a  vibrator 
mirror. 

It  is  easily  shown  that  the  displacement  impedance  Z',  for 
the  simple  alternating  electric  circuit,  is 

Z'  =  y  CO  {  fl  +  ;  ( L  CO  -  5/ CO)  }  =  (S  -  L  co«)  +  j  /?  co 


volts 


coulombs 
and  similarly  for  the  mechanical  vibrator: 

z'  =  j  0)  {r  +  j  {m  CO  —  s/co)  }  =  (s  —  m  co')  +  j  r  co 

dyne  perp.  cm. 


Z     (22) 


(23) 


radian 

=  s  {  (1-  w2)  +j2Bou\  =  s  (  (1-  u^)  +jB,u] 

dyne  perp.  cm. 
radian 

As  u  varies  from  0  to  infinity,  2'  traces  a  parabola.  When 
JBo  =  0,  the  parabola  collapses  into  a  straight  line  along  the 
X  axis.  When  B  =  8  it  nearly  coincides  with  a  straight  line 
parallel  to  the  Y  axis.  Consequently,  the  max.  cyclic  displace- 
ment of  electricity  iii  the  branch  circuit,  and  accumulated  in 
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the  condenser,  from  an  impressed  max.  cyclic  e.m.f.  E  volts  Z 
on  the  branch,  will  be 

Q  =  E/Z'  max.  cy.  coulombs  Z     (24) 

Similarly,  the  max.  cyclic  displacement  of  the  mirror  of  the 
vibrator,  under  a  max,  cyclic  v.m.t.  F  dynes-perp.-  cm.,  will  be: 

e  =  F/z'  max.  cy.  radians  Z     (25) 

Fig.  5  is  a  graph  of  displacement  impedance,  for  a  case  of 
A  =  2,  or  B  =  0.5.  In  such  a  case,  the  resistance  r  to  motion 
is  juat  equal  to  the  surge  resistance  V*ns,  or 

R  =  VLjC  ohms     (26) 


V 
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. 
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PLACEMENT 


luPEDANCB     TO     ELBCTBIC     OR     MECHANIC     DlB- 


i  R  =  1(P,       L  =  5  X  10-',     S  =  2  X  lO*  1 
\  r    =  10->,     m  =  5  X  10-',     s    =  2  X  10=  J 
u'o  =  20.000     A  =  10,000     B  =  0.5 
In  the  Electric  Case,  Unit  Lenqth  Represents  10*  Voltb  Pas 
Coulomb. 

In  the  Mechanic  Cahe,  Unit  Length  Represents  IC  Dtnbs-Perp. 
Cm,  Feb  Radian. 


and  the  resistance  is  just  0.5  critical.  In  the  current 
impedance  graph  of  Fig.  2,  similar  relations  between  the  ohmic 
and  surge  resistances  were  chosen;  so  that  the  graph  of  Fig.  5 
may  be  derived  from  that  of  Fig.  2,  according  to  (21),  by 
applying  to  each  vector,  at  angular  velocity  w,  the  factor  j  u, 
which  rotates  the  vector  counter-cloclcwise  through  1  quadrant 
and  extends  it  in  the  numerical  ratio  w,  which  ratio  increases 
steadily  as  the  frequency  is  increased.  We  thus  rotate  the 
diagram  of  Fig.  2  through  +  90  deg.,  and  apply  the  factor  w 
throughout. 
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It  will  be  evident  that  at  co  =^  0,  the  initial  displacement 
impedance  is  S  or  s,  as  the  case  may  be,  taken  as  0  A  Fig.  5, 
along  the  axis  of  real  quantities.  At  the  lower  quadrantal 
angular  velocity  coi,  this  impedance  is  0  fi,  at  a  slope  of  45  deg. 
At  resonance,  or  coo,  this  impedance  has  reached  0  D,  along  the 
j  axis.  At  ca)2,  it  has  reached  0  E,  at  the  slope  of  135  dtg.,  and 
thence,  as  the  angular  velocity  is  increased  indefinitely,  the 
displacement  impedance  tends  to  an  infinite  size,  at  slope  180 
deg.  It  will  be  observed  that  the  curve  of  displacement 
impedance  is  a  parabola  ABODE  Fig.  5,  with  its  axis  along 
the  line  of  real  quantities. 

The  displacement  impedance  is  a  minimum  at  that  point  C 
in  the  curve,  where  the  tangent  is  perpendicular  to  the  radius 
vector. 

Displacement  Admittance.  The  reciprocal  of  displacement 
impedance,  or  "displacement  admittance,"  is  of  still  greater 
interest  and  practical  importance  from  the  oscillographic 
viewpoint.  From  (23),  considering  only  the  mechanical  case, 
the  displacement  admittance  is 

y'  =  lA'  = 


{8—  m  u)^)  +  j r  0)        m  (coo*  —  co*)  +  j  r  co 
1  radians 


m  {  {o)o^—  0)^)  +  j2  A  0)  \  dyne  perp.  cm. 


Z     (27) 


8  {  (1-  u^)  +j2Bou]       mcoo'  (  (1-^2)  +j2Bou)] 

y  .    /  radians  ,     ,„  . 

dyne  perp.  cm. 


J   CO 

At  CO  =  0,    y'  ^  yj  =  1/s  ZO  deg. 

radians 


dyne  perp.  cm. 


^      (28) 


At  CO  =  coi,  y*  =  yx    =       ^^  \  45  deg. 

v2  r  coi 


radians         ,     (^, 


dyne  perp.  cm. 
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At  CO  =  coo,  y'  =  j/o'  =  -  ;  — -—  =  — —  \  90  deg. 

r  COo  T  COo 

r^di^is ^ 

dyne  perp.  cm.  .      ' 

At  CO  =  COS,  y'  =  y2  =    ,  ,^  \  135  deg. 

v2r  C02 

radians 


dyne  perp.  cm. 


Z     (31) 


At  CO  =  00, 2/'  =!/'«,=  0  \  180 deg. 

radians 


dyne  perp.  cm. 


Z     (32) 


Displacement  Admittance  Graph.  Referring  to  (27a),  and 
to  Fig.  6,  it  will  be  seen  that  if  we  draw  the  circular  graph  of  9, 
0 BC D,  and  at  any  particular  value  of  co,  or  u  coo,  such  as 
CO  =  10,000,  draw  the  vector  0  P,  of  size  0.555  X  10^ 

radians  per  sec.        .    ,  r/j  o  j  ^.u      -i 

— J ,  at  slope  a  =  56.3  deg.,  we  may  then  draw 

dyne  perp.  cm.     '  *'  *?  >  .^ 

perpendicularly  thereto  the  vector  0  p,  and  dividing  55.5  by  co 
obtain,  to  a  correspondingly  altered  scale,  the  displacement 
admittance  of  5.55  X  10"'  radian  per  dyne-perp.-cm.,  at  a 
slope  of  l3  deg.  =  —  33.7  deg.  This  means  that  if  unit  max. 
cy.  v.m.t.,  or  1  dyne-perp.-cm.,  be  applied  to  the  vibrator  of 
this  case,  at  co  =  10,000,  the  max.  cy.  displacement  of  the 
mirror  will  be  5.55  X  lO"'^  radians  =  0.32  degree.  This  elonga- 
tion, or  max.  cy.  angular  displacement,  would  occur  33.7  deg. 
in  phase  behind  the  corresponding  elongation  in  torque  or 
exciting  current. 

Proceeding  in  this  manner,  we  might  map  out  the  entire 
displacement  admittance*  graph  a,  p,  b,  c,  d,  0.  At  or  near  zero 
frequency,  denoted  by  co„  the  displacement  admittance  would 
be  the  vector  0  a,  in  phase  with  the  exciting  current  of  the 
vibrator.  At  the  lower  quadrantal  frequency  coi,  it  would  be 
the  vector  Ob.  At  the  upper  quadrantal  frequency,  it  would 
be  0  d'.  At  resonance,  it  would  be  0  c,  in  lagging  quadrature 
with  the  excitation. 

The  maximum  admittance  would  occur  at  coj,  in  this  case  at 
u  =  0.707,  or  CO  =  14,140.    This  vector  will  vary  in  position 

♦Bibliography  18,  p.  505  and  511. 
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with  different  values  of  B.  Iti$  lo  be  noted,  however,  that  Oit 
maximvm  admittance  never  occurs  at  resonance,  although  in  sharp 
vibrators,  it  icill  lie  close  to  resonance. 

If  we  consider  Fig.  6,  in  tenns  of  its  electric  representation, 
the  scale  being  10"*  mho.  per  unit  length,  then  at  w  =  10,000 


i^L^^ 


Fio.  6 — Graph  of  Dibplaceuent  Aduittamce  for  Cabxs  or 
f  R  =  IV.       L  "  5  X  10-',     5  -  2  X  10«  1 
\  r    =  1(M,     m  =  5  X  10-',     S  -  2  X  lO"  / 
w,  -  20,000    i  =  10,000     B  -  0.5 

In  the  Electric  Case,  Unit  Length  ->  10-* 


For  Circle  AHC  D 


Mhi 
In  the  Mechanic  Case,  Uni 

Mechanic  Abuhos,  or  10*  ( 


'  Lenoth  ■  10-* 

Radianb  \  „ 
— r I  Per 


For  Uhaph  abed 


Unit  V.M.T. 

In  the  Electric  Cabe,  Unit  Lbnotb  • 
CovLOMS  Per  Volt. 

In  the  MfcCHASic  Case,  Unit  Length  ■ 
Radian  Pbr  Unit  V.M.T. 


and  u  =  0.5,  the  electric  displacement  admittance  would  be 
0.555  X  10  "  'J  33.7deg.coulombpermax.cy.voltontheCLiJ 
branch  terminals. 

It  is  also  easy  to  show  that  the  displacement  admittance 
graph  abed,  Fig.  6,  is  obtainable,  by  direct  vector  inversion, 
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from  the  displacement   impedance  graph   A  B  C  D  E,    of 
Fig.  5. 
Displacemejit: 
Since 

0  =  F  y'  max.  cy.  radians     Z     (33) 

and  Q  =  E  X'  max.  cy.  coulombs  Z     (34) 

it  is  evident  that  the  displacement  admittance  graph  is  also 
capable  of  being  directly  interpreted  as  a  displacement  graph, 
to  constant  impressed  v.m.t.  at  standard  phase,  by  adopting  a 
suitable  scale  of  linear  dimensions.  Thus,  taking  Fig.  6,  at 
resonant  frequency;  i.  e,y  u  =  1.0,  and  coo  =  20,000  radians 
per  sec.,  or  Jo  =  3183  ^  ,  an  impressed  v.m.t.  of  say  10  max. 
cy.  dynes-perp.  cm.  would  produce  a  max.  cy.  mirror  displace- 
ment of  0  =  0.05  \  90  deg.  radian  =  2.87  deg.,  in  lagging 
quadrature  with  the  excitation.  A  beam  of  light,  reflected  by 
the  mirror,  would  be  cyclically  deflected  to  twice  this  angle  or 
±  5.74  deg.,  at  elongation,  on  each  side  of  the  zero,  owing  to 
the  doubling  optical  reflecting  property  of  mirrors.  It  may  be 
noted  that,  at  resonance  (w  =  1),  the  displacement  is  just 
90  deg.  in  phase  behind  the  excitation  and  v.m.t.,  for  any  and 
all  values  of  B. 

Formulas  for  Displacement  Admittance,  Remarking  that  the 
slope  /3  deg.  of  the  displacement  admittance  Y'  or  y\  is  always 
negative,  lying  between  the  values  —  0  deg.  and  —  180  deg., 
we  have 


w  =  y/u)J'  +  A'  cot-  i3  +  A  cot  0 


radians 


Wo  {  v^l  +  B'  cot^  /i  +  5  cot  /Jj         -  (35) 


or    w  =  w/  coo  =  v'l  +  B"  cot-  /3  +  fi  cot  ^     numeric     (36) 
The  polar  equation  of  displacement  admittance  is 

—  sin  jS  —  sin  (i 


\V'\  = 


r  CO  rwo  1  vl  +  B''  coV 'i3  +Bcotfi} 

numeric     (37) 

—  sin    fS 
2Bs  {  Vl~+~B''~cot''$  +  Bcot  (5] 

numeric    (37a) 


1920]  KEN  NELLY,  HUNTER  AND  PRIOR  461 

The  corresponding  vector  equation  is 

,       —  sin  Q    ,       o  ji 

y'  = —  ^  -  jS  deg. 

^  r  CO 

-  sin  j8  \  jS  deg. 


2B8  \y/\+B^ cot2  /3  +  B cot  /3} 

_    —  sin  j8  \  jg  deg.  mirror  radians        .„. 

""  2  fi  8  u  unit  v.m.t.  ^     ^ 

The  slope  j3,  pertaining  to  any  assigned  value  of  co,  is 

^  =  tan-'  (    J_^  ^^,   )  degrees    (39) 

or     |8  =  tan-'  (-|?f^)  =  tan-'  {-§^)  degrees    (40) 

In  the  testing  of  oscillographs,  the  calibration  is  ordinarily 
conducted  at  a  relatively  low  frequency,  say  60  ~  ,  which^  for 
practical  purposes,  may  be  regarded  as  of  the  same  effect  as 
zero  frequency,  or  co«.  By  (28),  the  displacement  admittance 
at  a)«  is  1/8,  at  zero  slope.  It  is  desired  to  find  what  ratio  the 
admittance  will  bear  at  any  impressed  angular  velocity  op, 
(or  its  ratio  w),  to  that  at  the  calibration  frequency  co,.  From 
(38)  and  (28)  we  obtain 

j^        , ,    ,        -  sin  /3  Z  -  /3  deg.         -  sin  j8  \  jS  deg. 

^  =  »^-  =  — 2b:ii BTs 

—  sin  /3  \  jS  deg. 


2Bo  I  Vi  +  Bo2"cot2/3  +  Bo  cot  /3} 

numeric  Z     (41) 

This  is  an  important  formula.  It  gives  the  vector  deviatum 
factor  D,  for  any  oscillograph  at  any  impressed  co,  when  the 
values  of  coo  and  B  are  known  for  the  instrument.  Thus,  in 
the  case  represented  by  Fig.  6,  where  coo  is  20,000,  and  B  =  0.5, 
if  the  instrument  is  calibrated  at  60  '^  =  co„  it  may  be  required 
to  know  what  will  be  the  deviation  factor  at  say  o)  =  5000  or 
u  =  0.25.    Here,  by  (40), 

./3  =  tan-1  _  olsrj^  =  ^^^"'  ("  0.2667)  =  -  (14  deg.  56  min.) 
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Then  by  (41) 

p.  _    ,         _  —  sin  (—  14deg.  56  min.)  \  (14  deg.  56min0 
U  ^y  /y  .  -  2  X  0.5  X  0.25 

0.2577   ^  ^^  ^^g  gg  ^.^   ^  ^  Qgj  ^  j^  jgg  gg  j^j^ 


0.25 

This  means  that  the  max.  cy .  displacement  produced  at  796  ^  , 
or  5000  radians/sec.  will  be  3.1  per  cent  greater  than  that 
produced  by  the  same  impressed  torque  at  60  '^  ,  and  will  lag 

14  deg.  56  min.  in  phase  behind  the  impressed  torque;  whereas 
at  60  /^  ,  the  phase  lag  of  displacement  would  be  insignificant 
in  such  a  vibrator.  The  correction  factor  will  be  the  reciprocal 
of  the  deviation  factor,  or  in  this  case  0.969  Z  14  deg.  56  min., 
at  796  ^  .  The  frequency  of  796  --  would  be  13  times  61.23 
or  would  be  the  thirteenth  harmonic  of  61.23  ^  .  The  lag  of 
mirror  displacement  to  this  harmonic  would  thus  be  nearly 

15  deg.  of  the  harmonic  frequency.  The  position  of  the  recorded 
18th  harmonic  would  thus  be  retarded  by  nearly  15  deg.  of  its 
own  cycle,  and  the  harmonic,  as  recorded  photographically 
should  be  advanced  through  more  than  14°  of  its  own  cycle,  in 
order  to  place  it  in  proper  relation  to  the  fundamental.  Its 
recorded  or  apparent  magnitude  should  also  be  reduced  3 
per  cent,  in  order  to  have  the  same  scale  of  amplitude  as  the 
fundamental  and  calibrated  frequency. 

The  following  Table  of  important  displacement  frequencies 
may  be  convenient  for  reference . 

Of  the  above  8  important  angular  velocities,  Nos.  1,  2,  5  and 
7  are  always  presented,  at  the  successive  negative  slopes  of 
0  deg.,  45  deg.,  90  deg.,  and  135  deg.  No.  3,  the  maximum 
admittant  value  of  w,  is  always  to  be  found  when  B  <  1,  or 
A  >  1.  For  values  of  B  equal  to,  or  greater  than,  unity,  which 
we  may  call  blunt  cases,  ood  has  no  independent  existence, 
because  the  greatest  admittance  is  then  found  at  w  =  w,  =»  0. 
Angular  velocity  No.  4,  co/,  is  always  presented  when  B  <  1; 
but  in  blunt  cases,  the  system  is  too  heavily  damped  to  permit 
of  free  vibration.  No.  6  is  always  presented,  but  its  phase 
position  varies  with  B,  It  is  midway  in  angular  velocity, 
between  coi  and  C02;  but  is  not  midway  between  them  in  phase. . 
No.  8,  the  upper  angular  velocity  at  which  the  displacement 
has  the  same  size  as  at  co„  is  not  found  when  B  >  0.707.    In 
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sharp  cases,  it  is  always  present.     Its  phase  position,  or  slope, 
varies  with  B. 

A  displacement  admittance  graph  presenting  all  of  these  8 
angular  velocities  is  seen  in  Fig.  7,  for  the  particular  case  of 
Wo  =  25,000,  or  /„  =  3979  -^  ,  and  S  =  0.225.  Here  y.'  is 
taken  as  1,  corresponding  to  an  oscillographic  standard  calibra- 
tion  at  or  near  zero  frequency.  We  find  yj,  yi,  and  yt,  all  at 
their  corresponding  slopes  of  —  45  deg.,  —  90  deg.  and  —  135 
deg.,  with  the  respective  sizes  of  1.9642,  2.22  and  1.2571,  at  the 
frequencies  3182,  3979  and  4973  ^  .     The  maximum  admit- 


MICROCOULOMBS  PER  VOLT 


=  25,000 


tance  value  y',  at  wj  =  23,701,  or  /j  =  3,772  '^ ,  is  2.2807, 
occurring  at  ji  ^  -  IG  deg.  38  min.  55  sec.  The  free  vibra- 
tional value  y/,  at  w/  =  24,359,  or//  =  3,877  ~  ,  is  2.2657  '^ 
83  deg.  24  min.  50  sec.  The  midquadrantal  value  y^,  at 
w„  =  25,625,  or  /,,  =  4078  --  .  is  2.1551  ^  96  deg.  15  min. 
49  sec.  Finally,  the  duplicate  initial  value  of  y',  or  y.t,  at 
w  =  33518,  or /.J  =  5334  ~  ,  is  1.0  \  142  deg.  53  min.  30  sec. 
In  the  oscillograph  corresponding  to  this  case,  the  deviation 
factor  at  u  =  4000,- or  /  =  636  —  ,  would  be  1.023  \  4  deg. 
13  min.  and  at  w  =  8000,  or  /  =  1272  -  ,  it  would  be 
1.101  ^  9  deg.  7  min. 
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E^g.  8  is  a  vector  chart  of  the  deviation  factor  D  for  any 
value  of  bluntness  B  between  B  =  0.25  and  B  =  1.0.  Enter 
the  chart  with  u,  the  ratio  of  the  impressed  angular  velocity; 
to  the  known  resonant  angular  velocity  oio.  The  intersection 
of  the  u  line  and  the  B  line  will  lie  on  a  radius  vector  whose  nze 
and  slope  make  the  factor  D. 

Fig.  9  is  a  similar  vector  chart  for  finding  D,  when  B  lies 
between  1.0  and  x .  There  is  actually  but  little  change  in  the 
form  of  the  curve  for  values  of  B  exceeding  4.  The  limiting 
curve  is  a  semi-circle  of  unit  diameter  on  the  real  axis. 


Fia.  8 — PiAvevEcioK  Chart  op  the  Deviaijon  Factor  D  fob  akt 
Obcillooraph  whose  Bluntness  Lies  between  B  =  0.25  and  B  -  1.0, 
AND  WHOBE  Resonant  Frequbsct  is  Given.  

Example:    If  B  =  0.6,  and  u  =  0.3,  then  D  -  1.022  /  21.6  Dsa, 

Fig.  10  is  a  similar  vector  chart  for  D,  when  B  lies  between 
0.05  and  0.25  inclusive.    As  B  diminishes,  the  curve  of  D 

rapidly  approximates  to  a  circle  of  diameter  g-w  =A/2,orra- 


unit  to  the  right  of  the  axis  -  Oy.    At  B  =  0,  this  circle  has 
an  infinitely  great  diameter. 

Constants  of  an  Oscillograph  Vibrator.    It  may  be  seen  from 
an  inspection  of  (39),  (40)  and  (41),  that  the  deviation  factor 
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of  any  oBcillograph  vibrator  can  be  either  computed  or  identi- 
fied from  the  foregoing  curve  sheets,  if  we  can  ascertain  its  two 
essential  working  constants  wo  and  A;  or  what  is  equivalent 
thereto,  uo  and  B,  or /a  and  B.  The  tests  of  oscillographs  thus 
direct  themselves  towards  the  determination  of  these  two 
constants.  If,  however,  not  merely  the  deviation  factor  of  a 
vibrator;  but  also  its  essential  elements  are  required;  then  we 
must  seek  for  the  four  constants  A,  m,  r  and  s.  This  calls,  as 
we  shall  see,  for  an  additional  test. 
If  we  divide  (46)  by  (42),  we  find: 
V.'/Vo   =  J  2  B„  -  2  B„  ^  90  deg.  =  B.  Z  90  deg. 

numeric  Z     (50) 

VALUES  or  D>^ 

0«    Q5    06    07     Oa  0.9    Ift 


Fig.  9 — Plasbvectoh  Chart  of  Deviation  Factor  D  =  y'/y',  roR 

ANY  OBCILLOORAPH  WHOSE  BlVNTNEBS  Lies  BETWEEN  £    ^    lANDfi    ~  00  , 

AND  WHOSE  Resonant  FREQrBNcr  is  Given. 
Example:     If  u  =  0.5  and  B  =  2.0,  then  D  =  0.468  /  69.4  Dbo. 

If,  therefore,  we  can  (1)  identify  the  resonant  frequency  /o,  of  a 
vibrator,  and  (2)  compare  the  calibration  of  the  vibrator  at 
this  frequency  with  that  at  zero  frequency,  we  shall  have;  see 
Figs.  6  to  10: 

M^       =2Bo  =  B.  numeric        (51) 

The  bluntness  B^  of  the  vibrator  will  then  be  half  the  ratio  of 
ike  max.  cy.  displacement  at  zero  frequency  to  the  max.  cy. 
displacement  at  resonant  frequency,  equal  current  excitations 
and  impressed  torques  being  used  in  each  test.  If  the  vibra- 
tor is  sharp,  the  same  fact  may  be  expressed  by  saying  that 
the  sharpness  Ac  mil  be  tieice  the  ratio  of  the  electric  exeUiitg 
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current  needed  to  produce  the  same  max.  ey.  displacement,  or 
deflection,  at  zero  frequency,  as  mil  produce  it  at  resotMrU  Jre- 
quency. 

All  that  is  necessary,  therefore,  for  finding  the  deviation 
factor  of  a  vibrator  at  any  impressed  frequency,  is  to  identify 
its  resonant  frequency  Jo,  and  then  compare  its  calibration  at 
that  frequency  with  that  at  /„  a  low  frequency,  practically 
equivalent  to  zero. 

An  equivalent  alternative  formula  is: 

4--2l.|V  -T/.^  -;90deg.   JgL^     (52) 


DEGflCES 


Fig.  10— Planbvectoh  Cbabt  of  the  Dbviation  Factor  D  =  y'/y', 

FOB  ANY  ObCILLOORAFH  WHOSE  BlDNTNEBS  LIEB  BETWESN  0.05  AND  0.25, 

AND  WHOSE  Resonant  Frequenct  Is  Qiven. 
Example:    If  u  =  0.9,  and  B  =  0.08,  D  -  4.17  /  37.1  Deo. 

OsciUographmeter.  In  order  to  detect  and  identify  the 
resonant  frequency  fo  of  a  vibrator,  which,  as  above  pointed 
out,  is  not  the  same  as,  and  may  even  be  remote  from,  the 
frequency  fd  of  maximum  displacement,  an  oscillographmeter 
has  been  devised  and  constructed.  It  is  shown  separately  in 
Fig.  11,  and  mounted  in  front  of  an  oscillograph  under  test  in 
Fig.  11-a.  It  consists  of  a  simple  permanent-magnet  auxiliary 
vibrator,  air-damped,  and  therefore  of  very  sharp  resonance. 
This  vibrator  is  firmly  set  with  its  vibration  axis  horizontal,  and 
with  its  mirror  close  to  that  of  the  tested  oscillograph  mirror, 
whose  vibration  axis  is  vertical.    A  strong  beam  ot  VV^X-Sa'Cwsa. 
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directed  first  on  the  osoillfjfiraph  mirror,  thence  on  to  the  aiml- 
iary  mirror,  and  Ihenre  vtTtically  upwards  to  a  horizontal  sheet 
of  thin  Rraduatwi  paper;  so  that  the  path  of  the  vibrating  beam 


ViKHATOii.     Length   o» 


on  this  paper  can  he  oxiimineil.     The  oplical  arrangement  is 
indicated  in  Fin,  1-- 

If  the  nscillojirajili  and  the  auxiliary  vibrator  are  operated 


W 


from  the  sanu'  audio-fivqiicncy  soiin-i.'  nf  adjustable  frequency; 
then  they  will  lioth  vibrate  with  iliat  frcijuency.  Because 
their    vibration   axes  are   set    mutually    i}erpendicular,   the 
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vibratory  path  of  the  beam  of  light  on  the  paper  plane  F  F, 
Fig.  12,  will  be  a  Lissajous  figure*.  If  the  max*  cy.  displace- 
ments of  the  two  mirrors  are  cophasal,  the  figure  formed  by 


^/ 


JV 


Fig.  12 — Optical  System  of  Oscillographmeter  A  and  the  Tested 
Oscillograph  0.  Length  of  A  Mirror  2.3  mm.  Width  0.9  mm. 
Distance  0-A  =1.1  cm.     Distance  A-S  =  50  cm. 

the  moving  beam  will  be  a  straight  line.  If  they  are  not 
cophasal,  the  figure  will  be  an  ellipse.  If  they  are  in 
quadrature,  this  ellipse  will  include  its  maximimi  area  and  its 
two  perpendicular  axes  will  be  both  equal  and  parallel  to  the 


Fig.  13— Lissajous  Figitres  with  Components  in  the  Ratio  of 
2  to  1  and  Vartofs  Phase  Differences 


two  component  displacements.  If  these  two  components  are 
equal,  the  ellipse  will,  at  this  quadrature  phase  relation,  become 
a  circle. 

*Bibliography  1. 
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The  development  of  Lissajous  ellipses  is  outlined  in  Fig.  13, 
for  the  particular  case  in  which  the  auxiliary  vibrator  amplitude 
is  half  of  the  oscillograph  vibrator  amplitude.  Commencing  at 
A,  the  auxiliary  vibrator  Aaj  starts  at  standard  phase,  and  the 
oscillograph  Ao,  set  in  mechanical  quadrature  therewith,  also 
at  standard  phase.  The  two  vectors  then  rotate  with  equal 
angular  velocities.  The  path  of  the  reflected  beam  will  be 
straight  line  A ;  t.  e.,  an  ellipse  of  negligibly  small  minor  axis. 

When  the  oscillograph  vibrator  is  lagging  45  deg.  in  phase 
with  respect  to  the  auxiliary  vibrator,  the  path  of  the  beam  of 
light  on  the  plane  of  the  receiving  sheet,  will  be  the  ellipse  B. 
Again,  with  the  oscillograph  vibrator  90  deg.  behind  Ca  in  phase, 
the  path  of  the  beam  will  be  the  upright  ellipse  C.  With 
135  deg.  of  lag,  the  ellipse  will  incline  backwards  as  at  D.  With 
180  deg.  of  lag,  the  ellipse  will  collapse  into  the  straight  line  E. 

The  effect  of  a  reversal  of  phase  in  either  the  oscillograph  or 
the  auxiliary  vibrator,  is  shown  at  F,  G,  H  and  K.  In  each 
case  it  will  be  seen  that,  at  quadrature,  the  ellipse  stands 
upright.  The  direction  of  change  in  inclination  of  the  ellipse 
is,  however,  relatively  reversed  in  the  two  series. 

In  making  the  test  of  the  oscillograph,  we  must  first  make  sure 
that  the  resonant  frequency  of  the  auxiliary  vibrator  is  not 
near  to  the  resonant  frequency  of  the  oscillograph  vibrator. 
If  the  two  resonant  frequencies  should  happen  to  approach  too 
closely,  the  tension  of  the  auxiliary  vibrator  must  be  mechani- 
cally adjusted,  in  either  direction,  so  as  to  separate  them.  All 
that  is  required  of  the  auxiliary  vibrator  is  that  it  shall  be 
sharp,  and  also  out  of  tune  with  the  tested  oscillograph.  The 
various  constants  Wo  and  B,  or  Wo  and  A,  or  A,  m,  r  and  s,  of 
the  auxiliary  vibrator  are  of  no  concern,  provided  that  its  £  is 
very  small,  and  that  its  Wo  is  not  close  to  the  Wo  of  the  oscillo- 
graph vibrator. 

Connections  for  Test.  The  electrical  connections  for  the  test 
of  an  oscillograph  by  means  of  the  oscillographmeter,  or 
auxiliary  vibrator,  are  indicated  at  A,  Fig.  14.  5  is  the  source, 
or  secondary  coil  of  an  oscillator,  supplying,  in  parallel,  both 
the  oscillograph  0,  and  the  auxiliary  vibrator  A,  each  through 
an  adjustable  resistance.  The  two  supply  currents  will  thus 
have  the  same  phase,  and  the  two  impressed  v.m.ts.  will  be 
cophasal.  The  Lissajous  figure,  obtained  from  the  optical 
combination  of  the  two  vibrators,  will  then  be  a  straight  line, 
as  at  A,  Fig.  13,  if  the  impressed  frequency  is  low,  and  remote 
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from  resonance  in  either  vibrator.  The  impressed  frequency 
is  now  raised,  until  the  resonant  angular  velocity  cooi  or  reso- 
nant frequency  Jo,  for  0,  is  approached.  The  Lissajous  ellipse 
will  now  begin  to  standup.  The  impressed  frequency  is  now 
carefully  adjusted,  until  the  Lissajous  ellipse  is  upright,  and  the 
frequency  then  noted.  If  the  two  vibratory  components  are 
equal,  the  Lissajous  ellipse,  at  resonance  in  0,  will  be  a  circle, 
as  shown  at  A,  Fig.  14.  This,  however,  is  an  unsuitable 
adjustment,  since  it  does  not  lend  itself  to  precise  observation. 
An  ellipse  of  say  2  : 1,  or  3  : 1,  in  major  and  minor  diameters  is 
preferable,  as  at  C,  Fig.  13. 

If  the  optical  adjustment  is  fine,  so  that  the  beam  of  light  is 
sharp  and  thin,  it  may  be  more  easy  to  observe  the  existence  of 
the  thin  cophase  straight  line  of  A,  E,F  and  K,  in  Fig.  13,  than 
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Fig.  14 — Method  of  Tebtinq  Oscillograph  Vibrators  by  Means  of 

oscillographmeter 


the  verticality  of  an  ellipse.  This  is  a  matter  of  personal  choice 
with  the  observer.  If  he  prefers  the  straight  line,  or  collapsed 
ellipse,  then  the  connections  of  Fig.  14  B,  may  be  used.  Here, 
the  resistance  in  one  of  the  two  vibrator  circuits,  0  as  shown,  is 
replaced  by  an  adjustable  condenser.  This  has  the  effect  of 
advancing  the  phase  of  the  exciting  current  in  that  branch  by 
90  deg.,  so  that  the  two  impressed  v.m.ts.  will  be  in  quadrature. 
If  the  two  vibrator  displacement  slopes  are  cophasal,  the 
Lissajous  figure  will  then  be  the  circle,  or  upright  ellipse.  At 
displacement  slope  quadrature,  on  the  contrary,  the  two  actual 
displacements  will  be  cophasal,  and  resonance  in  0  will  show 
itself  by  the  Lissajous  straight  line  of  Fig.  14b  . 

With  the  auxiliary  vibrator  air  damped,  and  reasonably  well 
constructed,  its  bluntness  B  will  be  very  small,  and  its  disp 
ment  slope  will  then  be  negligible,  until  mtVim  ?tl^^  C5^'»'^ 
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second  of  its  resonant  frequency.  This  means  that  the  dis- 
placement slope  of  the  auxiliary  vibrator  will  either  be  sub- 
stantially 0  deg.,  or  substantially  180  deg.,  provided  that  the 
two  vibrators  are  not  closely  coresonant. 

It  has  been  found  that  when  a  Vreeland  oscillator  is  used  as 
the  source  of  impressed  frequency,  diflSculties  may  arise  owing 
to  small  parasitic  harmonics  or  impurities  in  the  derived  current 
wave,  which  may  give  rise  to  false  resonances,  and  erroneous 
results,  in  the  behavior  of  the  sharply  resonant  auxiliary 
vibrator.  Much  trouble  was  experienced  in  the  first  few 
months  of  this  research,  by  such  parasitic  resonances.  They 
can  be  eliminated,  however,  by  electrically  timing  the  main 
testing  circuit  to  the  impressed  frequency,  as  indicated  in  Fig. 
14  at  C  and  D.  An  adjustable  inductor  and  condenser  are  so 
varied,  that  their  combined  reactance  is  negligibly  small  to  the 
main  impressed  frequency  from  the  source;  while  opposing  a 
very  considerable  reactance  either  to  parasitic  frequencies,  or 
harmonics.  If  this  plan  is  used,  care  must  be  taken  to  make 
the  proper  adjustment  of  reactance  at  each  change  of  impressed 
frequency.  With  the  ordinary  connections  of  a  pliotron,  or 
triode  vacuum-tube  oscillator,  this  difficulty  has  not  been 
encountered. 

Technique  of  Test.  Having  identified  the  resonant  frequency 
/o,  or  resonant  angular  velocity  coo,  of  the  oscillograph  vibrator, 
with  the  aid  of  the  oscillographmeter,  and  suitable  Lissajous 
optical  figure,  the  oscillograph  is  calibrated  for  its  specific 
deflection,  or  maximum  cyclic  deflection  per  unit  of  r.m.s. 
exciting  current,  both  at  a  low  impressed  frequency,  /„  say 
60  ^  ,  and  at  fo.  In  this  part  of  the  test,  the  oscillographmeter 
is  either  removed,  or  left  out  of  circuit.  As  we  have  already 
seen  in  connection  with  (51),  the  ratio  of  these  two  calibrations, 
or  specific  deflections,  is  equal  to  the  value  of  2  B  for  the  instru- 
ment. Having  found  coo  and  B,  we  are  able  to  find  the  vector 
deviating  factor,  and  its  reciprocal,  the  correcting  factor,  for 
the  instrument,  at  any  or  all  impressed  frequencies  that  may 
be  used.  Defining  the  specific  deflection  d  as  the  vector  scale 
deflection  of  the  oscillograph  divided  by  the  r.m.s.  value  of  the 
exciting  current  in  the  oscillograph  vibrator,  we  have,  if  0,  is 
the  specific  deflection  at  low  frequency,  and  to  standard  phase 

n  -  «/  -  «    I-  US'"  +j2  Bo u.         1-  71,^  +jB,u. 
u  -  u/  ^  V.  i_^2_^.j2BoU   "        1-  u'^  +JB.U 

numeric  Z     (53) 
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Since  the  ratio  w./coo  is  usually  a  negligibly  small  real  number, 
this  may  be  written  without  serious  error 

^  "  ^/^'  "   l-u^+j2BoU    "  1-u^  +JB.U 

-  sin  ff  Z  -  ff        -sin  /3\  /3  .     ,   ,-., 

=  OP  ., — ^  =  D^^^^ — ^       numenc  Z  (54) 

2BoU  EtU  ' 

which  agrees  with  (50)  and  (51),  at  resonance,  when  w  «  1. 

If  we  seek  only  the  size  of  this  ratio,  and  ignore  the  slope  or 
phase  deviation,  we  may  write  this  in  the  form 


D|  = 


d 


e. 


VI  +  2  tt*  (2  Bo«  -  1)  +  tt* 

numeric  (55) 
which  is  devoid  of  imaginary  quantities.  The  correcting 
factor  is  then 

K  =  1/D  numeric    (56) 

When  making  specific  deflection  tests  with  the  optical 

arrangement  of  Fig.  12,  it  has  been  found  advantageous  to 

insert  a  suitable  lens  L,  with  a  fine  cross 
^•«!MiSSl!%,'    hau-  on  it,  into  the  path  of  the  bjeam.    The 

positions  of  the  hair  can  then  be  detected 
at  each  end  of  the  vibrating  beam  of  light 
on  the  graduated  paper  scale  F  F.    When, 
however,  Lissajous  figures  are  being  exam- 
are  withdrawn, 
that  the  angular 
deflection  of  the  beam  of  light  reflected  from 
Fig.  15— Method  the  oscillograph's  mirror  is  double  the  angular 

OF  Determining   j  i,     ..         -  . i         .  o*         j.i-  j.« 

Quadb/intalPoints  deflection  of  the  mirror.  Smce  the  equations 

refer  to  the  angular  displacements  of  the 
mirror,  this  factor  of  2  should  be  taken  into  account  in  in- 
terpreting the  deflections. 

Alternative  Methods.  Instead  of  determining  B  by  the  ratio 
of  specific  deflections  9.  and  Oo,  it  is  possible,  after  finding  Wo,  to 
find  A,  and  hence  B,  by  identifying  optically  one,  or  preferably 
both  of  the  quadrantal  angular  velocities  wi  and  C02.  The 
electrical  connections  for  this  are  shown  in  Fig.  15.  The  plan 
is  to  introduce  such  equal  resistance  and  reactance  into  the 
auxiliary  branch  circuit,  as  shall  cause  the  exciting  current 
v.m.t.,  in  one  circuit,  to  differ  in  phase  from  that  in  the  other 


^^  nowever,  JLiissajous  ngures 

.  ?•*  ined,  the  lens  and  crosshair 

-TTr-*-'''^'^^"^        It  should  be  remembered 
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45  ieg.,  and  so  to  enable  quadrantal  frequency  to  be  identified 
optically  from  a  Lissajous  diagram.  After  observing  u)o,  and 
then  say  wi,  we  can  compute  C02  by  (6).  Again,  observing  all 
three  values  coi,  coo  and  C02,  they  should  check  by  (6).  We 
then  find  A  by  (16),  and  B  by  (19). 

This  alternative  method  enables  a  calibration  of  the  oscillo- 
graph at  resonant  frequency  to  be  dispensed  with.  On  the 
other  hand,  it  is  apt  to  be  less  precise  than  the  preferred  method; 
because  A  is  found  as  the  difference  of  two  identified  frequencies. 
With  sharp  vibrators,  these  two  quadrantal  frequ«icies  lie 
close  together,  and  their  difference  is  thus  subject  to  relatively 
considerable  error.  In  complete  and  thorough  tests  of  an. 
oscillograph,  however,  it  may  be  worth  while  identifying  all 
three  values  coo,  coi,  and  C02,  besides  finding  6,  and  0;  so  as  to 
secure  mutual  checks. 

Another  method  for  finding  A  and  coo,  without  the  use  of  the 
oscillographmeter,  when  the  vibrator  is  sharp,  is  to  make  ah 
oscillogram  of  a  series  of  naturally  decaying  oscillations  of  the 
mirror,  impressing  on  the  same  record  a  known  fairly  high 
frequency,  from  the  movement  of  a  second  vibrator  separately 
excited.    The  rate  of  decay  in  amplitude  is  given  by  the  relation 

9  =  9,  e-^'  max.  cy.  radians     (57) 

where  9.  is  the  initial  displacement,  at  ^  =  0,  and  9  the  dis- 
placement at  time  t  seconds 

whence  A  =  (l/0logh9,/9  hyps,  per  sec.     (58) 

The  frequency  of  vibration,  as  determined  from  the  record,  is 

o  ^     cycles  per  second. 

This  method  can  be  applied  with  fair  success,  to  sharp  vibrators. 
It  cannot  ordinarily  be  applied  when  B  is  greater  than  0.2. 
This  means  that  in  ordinary  liquid-damped  oscillographs,  this 
alternative  is  unsatisfactory. 

It  might  be  supposed  that  since  a  calibration  is  desired  near 
to  zero  frequency,  a  continuous-current  calibration  would 
suffice.  It  has  been  found,  however,  that  specific  deflections 
with  continuous  currents  are  considerably  m  excess  of  those 
measured  with  low-frequency  alternating  currents,  apparently 
because  the  elastic  system  has  a  greater  opportunity  to  stretch 
under  a  steady  impressed  torque  than  under  alternating  torques. 

A  fairly  typical  and  commercial  form  of  oscillograph  has  its 
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behavior  represented  in  F^g.  16.  This  oscillograph  is  damped' 
by  a  specially  prepared  liquid,  supplied  with  the  instrumeDt. 
By  means  of  the  oscillographmeter,  and  Lissajous  figures,  the 
following  frequencies  are  identified,  /i  =  2663  ~,  /o  =  3300  ~, 
/i  =  4077  ■-".  The  specific  deflection  8„,  at  resonance,  was 
observed  to  be  5.35  mirror  radians  per  r.m.s.  absampere.  The 
specific  deflection  B,  at  GO '^,  was  also  observed  to  be  2.26 
mirror  radians  per  r.m.s.  absvnpere.  The  ratio  6o/B,  is  2.38; 
so  that  A  =  4.67  or  B  =  0.21.  From  w<,  and  B,  the  curve  of 
F^.  16  has  been  drawn,  by  the  use  of  (40)  and  (41)  or  of  (54). 
In  addition,  a  number  of  values  of  the  specific  deflection  were 
observed  experimentally  at  different  frequencies.     These  are 
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marked  as  crosses  on  the  diagram.  If  these  observations  were 
in  complete  accordance  with  the  theory,  the  crosses  should 
coincide  with  the  curve.  It  will  be  noted  that  $d  has  the  value 
5.4  mirror  radians  per  absampere  at  3140  — -,  which  is  160  '^ 
below /o.  In  this  instrument,  at  1000  '^,  the  size  of  the  devia- 
tion factor  is  1.09,  or  the  instrument  overindicates  9  per  cent  at 
1000  ~,  with  respect  to  the  low-frequency  calibration.  The 
slope  of  the  deviating  factor  is  also  0  =  —  8  deg.  by  (40). 

It  may  be  observed  that  a  curve  of  specific  deflection  d  as 
ordinates,  against  frequency  /  as  abscissas,  always  rises  to  a 
maximum  at  fd,  unless  B  exceeds  unity.  The  curve  is  always 
dissymmetrical  about  the  maximum  ordinate,  being  steeper  on 
the  high-frequency  side.  But  if  the  curve  of  d  as  ordmates  be 
drawn  against  frequency  squared,  or  /*,  as  abscissas,  the  cum  ' 
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will  be  symmetrical  about  the  maximum  ordinate,  as  far  as  /,i, 
t.  c,  as  far  as  symmetry  is  possible. 

Fig.  17  gives  the  curves  of  specific  deflection  B,  against  im- 
pressed frequency  /,  for  a  vibrator  In  four  successive  damping 
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fluids;    viz.,  air,  glycoline,  mineral  oil  and  castor  oil.    The 
results  are  as  follow : 
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Whereas  in  air,  the  vibrator  had  a  bluntness  of  0.024,  or  a 
sharpness  of  41.7,  in  castor  oil,  the  bluntness  was  increased  to 
1.1  or  a  sharpness  of  0.9.  The  effect  was  also  to  change  the 
resonant  frequency  /o  from  4110  —  to  1302  "-■ 
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In  case  III,  the  resistance  r  of  the  vibrator  to  motion  is  0.48 
of  that  which  would  render  the  motion  aperiodic.  In  case  IV, 
however,  the  resistance  is  ten  per  cent  greater  than  that  neces- 
sary for  strict  aperiodicity.  The  case  is  therefore  one  of  over- 
damping,  or  ultraperiodicity.  It  is  developed  in  greater  detail 
in  Fig.  17.  The  curve  is  drawn  from  the  formulas  already 
given,  and  the  crosses  indicate  the  observations.  It  will  be 
seen  that  fd  =  0.  At  resonance,  the  specific  deflection  is  only 
about  half  that  at  zero  frequency. 

It  may  be  noted  that  except  in  the  air-damped  case,  the  value 
of  0«  is  substantially  the  same  for  all  the  damping  fluids.  This 
condition  seems  to  be  typical. 

A  considerable  number  of  oscillographs  have  been  investi- 
gated by  means  of  the  oscillographmeter,  and  the  general 
results  are  typically  represented  by  Figs.  15  to  17.  It 
appears  that  a  bluntness  of  about  0.6  is  perhaps  the  most 
desirable,  in  a  long-range  oscillograph,  in  the  sense  that  the 
deviation  factor  is  then  moderate,  over  a  considerable  range  of 
impressed  frequency.  Even  then,  however,  the  constants  cdo 
and  B  should  be  measured,  and  the  correcting  factor  worked 
out,  whenever  accurate  oscillographic  measurements  are 
attempted.  In  general,  an  oscillograph  should  have  a  blunt- 
ness between  B  =  0.5  and  B  =  0.8,  in  order  to  avoid  large 
correcting  factors. 

Tests  of  the  Auxiliary  Vibrator.  An  exploration  test  of  d 
versus  /  for  one  of  the  oscillographmeters  used  in  thb 
research,  is  graphed  in  Fig.  18.  It  was  also  tested  by  the 
oscillographmeter  method.  The  vibrator  is  seen  to  be^very 
sharp.  The  three  principal  frequencies  are  /i  =  2511  ^, 
fo  2514.5  ^,  /2  2518  ^.  The  resonant  range  is  7  cycles  per 
second,  and  the  bluntness  So  =  0.0014,  Ao  =  718.  In  order  to 
present  the  peak  value  of  6  on  the  same  sheet  as  the  earlier 
values,  the  observations  are  plotted  to  two  different  scales. 
It  is  evident  that  provided  the  resonant  frequency  is  slightly 
avoided,  the  phase  departure  of  the  auxiliary  mirror  from 
zero  or  180  deg.  in  the  v.m.t.  will  be  small. 

Precautions  to  be  taken.  In  supporting  the  auxiliary  vibrator 
in  front  of  the  oscillograph,  it  is  important  that  the  auxiliary 
steel  frame  do^  not  come  so  close  to  the  poles  of  the  oscillo- 
graph magnet,  as  materially  to  disturb  the  magnetic  field  in 
which  the  oscillograph  vibrator  swings.  At  the  same  time,  the 
auxiliary  and  oscillograph  mirrors  have  to  be  brou^Vst  'W^Jkccl  ^ 
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distance  of  about  1.3  cm.,  in  order  to  secure  good  Lissajous 
figures,  without  making  the  auxiliary  mirror  unfavorably  long. 
If  the  magnetic  field  of  the  oscillograph  is  somewhat  wesJiened, 
this  will  not  appreciably  affect  the  identifiable  frequendea  /i, 
fo,  and  ft.  It  may  affect  0,  and  da,  however;  so  that  where 
there  is  reason  to  believe  that  the  oscillograph's  magnetic  field 
has  been  affected  by  the  proximity  of  the  osciIlographmet«-, 
the  specific  deflections  8.  and  flo  should  be  measured  with  the 
osciUographmeter  removed. 
It  should  be  noted  that  any  dissymmetry  in  the  construction 
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of  a  xibrator,  such  as  unequal  dimensions,  or  unequal  tensions 
in  the  two  strips  composing  it,  or  a  dissymmetrical  mounting 
of  the  mirror,  may  give  rise  to  plural  resonances  in  the  action  erf 
the  instrument.  A  number  of  such  cases  have  been  observed. 
A  good  airdamped  oscillographic  vibrator  requires  good 
mechanical  workmanship.  When  the  vibrator  is  liquid  damped 
these  plural  resonances  often  disappear. 

Measurements  Necessary  for  Evaluating  A,  m,  r  and  b.  In 
order  to  evaluate  the  fundamental  constants  o{  an  oscillograph 
vibrator,  it  seems  necessary  to  obtain  an  additional  indepen- 
dent datum,  such  as  is  supplied  by  measuring  the  motional 


1920] 


KENNELLY,  HUNTER  AND  PRIOR 


479 


impedance  of  the  vibrator  at  resonant  frequency.  This 
motional  impedance  is  a  pure  resistance,  and,  unlike  that  of 
the  telephone  receiver,  has  no  reactive  component  at  resonant 
frequency.  It  is,  however,  relatively  very  small.  Whereas 
the  resonant  motional  impedance  of  a  telephone  receiver  is 
sometimes  over  1000  ohms,  and  is  often  over  100  ohms,  that  of 
a  vibration  galvanometer  near  fo  =  1000  ~  may  be  near  10 
ohms*;  that  of  an  ordinary  liquid-damped  oscillograph  is  in 
the  neighborhood  of  0.025  ohm.  Airdamped  oscillographs 
have  larger  motional  impedances. 

If  we  call  Z  the  measured  motional  impedance  of  the  oscillo- 
graph vibrator,  at  resonant  frequency,  expressed  in  absohms, 
and  dm  the  observed  max.  cy.  mirror  displacement  at  resonant 
frequency  per  max.  cy.  absampere;  then* 


A  = 


r  = 


dm   CO, 


dm   CO, 


dynes  perp.  cm. 
absami)ere 

djme  perp.  cm. 
mirror  radian  per  sec. 


^     (59) 


(60) 


m  = 


2  A 


gm.  —  cm.*    (61 ) 


s  =  m  coo* 


dyne  perp.  cm. 
mirror  radian 


(62) 


An  analysis  of  several  oscillographic 
vibrators  is  given  in  Table  III. 

Technique  for  Measuring  Motional 
Impedance.    A   convenient  form  of 
slidewire  Wheatstone  bridge  is  in- 
dicated in  Fig.  19,  for  the  purpose 
of  measuring  the  small  motional  im- 
^r  itX":rr.o^"r  penance  of  a  liquid-damped  oscillo- 
pedancc  of  an  osciuograph  graph.    Two    cqual    auti-mductive 
vibrator  o  resistauccs  A  and  B  have  about  one 

ohm  each.  The  oscillator,  supplying  the  adjustable  impressed 
frequency,  is  brought  to  slider  2  and  junction  1.  The  slider  2 
can  be  adjusted  to  a  fraction  of  a  millimeter,  over  a  manganin 
slide  wire,  having  a  linear  resistance  not  exceeding  0.01  ohm  per 
cm.    A  pair  of  low-impedance  head  telephones  T,  enables  a  re- 

*Bibliography  13. 
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sistance  balance  to  be  obtained  on  the  oscillograph  vibrator  O. 
An  extraneous  resistance  R,  connects  the  end  of  the  slidewire  and 
junction  C.  A  zero  balance  is  first  obtained  at  the  resonant  fre- 
quency /o,  and  then  at  any  frequency  well  removed  from 
resonance.  The  change  in  the  setting  of  the  slider  thus  pro- 
duced enables  the  motional  impedance  Z  absohms  to  be 
evaluated. 
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Summary 

1.  Every  mechanical  oscillograph  vibrator  is  subject  to  a 
vector  correction  factor,  at  other  frequencies  than  that  at  which 
it  is  calibrated,  and  especially  at  high  frequencies. 

2.  The  mechanical  laws  governing  an  oscillographic  vibra- 
tor are  precisely  similar  to  those  governing  a  simple  alternating- 
current  branch  circuit  of  fixed  C,  L  and  R,  under  variable 
impressed  frequency.  The  velocity-impedance  graph  is  a 
straight  line.  The  displacement-impedance  graph  is  a  para- 
bola. 

3.  Every  oscillogram,  intended  for  accurate  analysis,  is 
completely  defined  in  regard  to  its  correction  for  frequency  by 
two  constants;  namely,  Jo  the  resonant  frequency,  and  £othe 
oscillatory  bluntness.  These  two  constants,  or  their  equivalent 
data,  should  be  measured,  and  recorded  on  the  oscillogram. 

4.  If  the  two  constants/.,  and  Bo, -the  resonant  frequency 
and  bluntness  of  an  oscillograph,-  are  measured,  its  behavior 
and  correction  factors  for  all  frequencies  can  be  computed 
relatively  to  its  calibration  at  any  particular  frequency. 

5.  In  ordinary  liquid-damped  oscillographs,  /«  commonly 
lies  between  1000  --  and  5000  --  .  The  greater  the  damping, 
the  lower  /„  tends  to  become. 

6.  The  bluntness  of  resonance  Bo  indicates  the  ratio  of  the 
frictional  resistance  present  to  the  resistance  necessary  for 
strict  aperiodicity.     When  B<,  =  1,  the  vibrator  is  just  aperio- 
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(lie.  The  bluntness  of  an  air-damped  vibrator  may  be  as  low 
as  0.0014.  Oscillographs  damped  in  castor  oil  may  readily 
havef  bluntness  greater  than  1,  or  be  ultraperiodic.  The  best 
bluntness  for  a  long-range  oscillograph,  in  order  to  have 
relatively  small  corrections  to  be  applied  at  moderately  high 
frequencies  is,  perhaps,  near  Bo  =  0.6. 

7.  The  value  of  fo  for  an  oscillograph  n\jty  conveniently  be 
determined  by  means  of  a  simple  permanent-magnet  auxiliary 
vibrator,  operating  from  the  same  source,  and  so  arranged  as 
to  supply  a  critical  and  recognizable  form  of  Lissajous  optical 
figure  at  resonance. 

8.  Having  identified  /o  for  an  oscillograph,  the  bluntness 
Bo  may  be  determined,  by  measuring  the  specific  deflection 
at  a  low  frequency  and  also  at  the  resonant  frequency. 

9.  A  number  of  actual  oscillographs  have  been  tested,  and 
typical  results,  obtained  from  them,  are  reported. 

10.  In  order  to  obtain  the  fundamental  constants  A,  m,  r 
and  s,  of  a  vibrator,  it  is  desirable  to  measure  its  motional, 
impedance  at  resonance,  in  addition  to  securing  the  measiire- 
ments  for  Jo  and  B. 

11.  In  analyzmg  the  oscillograph  of  a  periodically  recurring . 
complex  harmonic  wave  into  its  Fourier  components,  the 
analysis  is  first  made,  as -though  the  oscillograph  had  no  error 
with  change  of  frequency,  and  then  each  evaluated  harmonic 
component  should  be  corrected,  both  in  magnitude  and  in 
phase  position,  by  applying  the  correction  factor  for  that  fre- 
quency, in  view  of  the  values  of  fo  and  B  for  the  instrument. 

12.  A  number  of  curves  of  deviation  factors  for  different 
values  of  B  have  been  worked  out,  and  are  presented  for  use,  in 
order  to  supply  approximate  corrections  by  inspection. 

List  of  Symbols  Employed 

A  Torque  constant  of  a  vibrator,  or  the  torque 

produced  by  unit  current 


(dyne  perp.  cm.       \ 
absampere  /  ' 


«  =  tan-  (  ^iiZ^) 


Slope  of  an  impedance  to  current  (radians  or 
degrees) . 

B  =  A/(A)o  =  Bo  Bluntness  of  resonance  of  a  vibrator  or  branch 

circuit  based  on  to  (numeric"). 
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Bluntness  of  resonance  of  a  vibrator  or  branch 
circuit  based  on  r,  (numeric). 

Slope  of  a  displacement  admittance,  varying 
between  —  0  deg.  and  —  180  deg.  (degrees) 

Capacitance  of  a  condenser  (farads). 

(radians         \ 
dyne  perp.  cm.  / 

Damping  constant  of   a  vibrator,  or  hyp. 

angular  velocity  of  decay  ( — ^  '    j  . 

Deviation  factor,  or  ratio  of  vector  displace- 
ment at  o)  to  that  at  co,  (numeric  Z ) 
Maximum  cyclic  e.m.f .  impressed  on  a  branch 
circuit  (volts  Z ) . 

F  Maximum  cyclic  torque  impressed  on  a  vibra- 

tor (dynes-perp-cm.). 

fffo,fuf2  Frequency,  with  reference  to  resonance  and 

quadrantal  values  (cycles  per  sec.). 

G  Conductance  of  a  branch  circuit  (mhos). 

(jf  =  1/r  Mechanical  conductance  of  a  vibrator  (me- 

chanical abmhos). 

/  Alternating  current  supplied  to  a  branch  cir- 

cuit (max.  cyclic  amperes  Z ). 
also  alternating  current  supplied  to  a  vibrator 
(max.  cyclic  absamperes  Z). 

9  Maximum  cyclic  displacement  produced  in  a 

vibrator  mirror  (radians  Z ) . 

9,-  Initial  cyclic  displacement  produced   in  a 

vibrator  mirror  (radians  Z ). 

9  Maximum  cyclic  angular  velocity  produced 


•v     ,         .         /  radians    ,  \ 

m  a  vibrator  mirror  ( Z  I . 

V      sec.  / 


6  =  9//  Specific  mirror  deflection,  or  max.  cy.  dis- 

placement per  r.m.s.  absampere,  produced 

'u    J,     i      radians       ,  \ 

m  a  vibrator  (  — r Z   ) . 

\   absampere        / 

9.,  Qo  Specific  deflections  produced  at  a    low  fre- 

quency, and  at  resonant  frequency 

(radians        \ 
absampere      / 
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0m  Max.  cy.  displacement  per  max.  cy.  absam- 

per^  produced  in  a  vibrator 


(max.  cy.  radians       \ 
max.  cy.  absamp.       /  ' 


K  =  1/D  Correction  factor  for  the  max.  cy.  displace- 

ment at  any  impressed  ang.  vel.  co,  to  that 
at  CO,  (numeric  Z). 

L  Constant  inductance   of  a  branch   circuit 

(henrys). 

m  Moment  of  inertia  of  a  vibrator  system 

(gm  —  cm.*). 

Q  Quantity  of  electricity  cyclically  displaced  in 

a  branch  circuit  (coulombs). 

R  Constant  resistance  of  a  branch  circuit  (ohms) 

r  Resistance  to  motion  of  a  vibrator 

(1      .    1   1     1           dyne-perp.-cm.  \ 
mechanical  absohms  or      ,.     — I 
radian  per  sec.  / 

8  Stiffness  coefficient  of  a  vibrator 


(dynes  perp.  cm.  \ 
— iiasH — /• 


t  Elapsed  time  (seconds). 

T    =  To   "=   1/A 

2  L 
=-  -^  Oscillatory  time  constant  of  a  circuit  or  sys- 


,       /      seconds  ,   \ 

tem  I  -r 3? —  or  seconds  I . 

V  hyp.  radian  / 


r,  =■  To/2 «  L/R  Non-oscillatory  time  constant  of  a  circuit 

(seconds). 
u  '^^  (»)/(t)o  Ratio  of  an  impressed  angular  velocity  to  the 

resonant   angular  velocity   of   a   system 

(numeric). 

A  =  coo/A 

=  Ao  =  2  A,        Sharpness  of  resonance  of  a  branch  circuit  or 

vibrator  based  on  to  (numeric). 
A,  =  Ao/2  Sharpness  of  resonance  of  a  branch  circuit  or 

vibrator  based  on  t.  (numeric). 
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v.m.t.  Vibromotive  torque  (dynes  perp.  cm.). 

Y  =  1/Z  Admittance   to    alternating   current   in    a 

branch  circuit  (mhos  Z ). 

y  =  1/2  Admittance  to  angular  velocity  in  a  vibrator 

(  mechanical  abmhos  or 

radians  per  sec. 


'see.       \ 
.  cm.       / 


dynes  perp. 

y  =  1/Z'  Admittance  to  displacement  in  a  branch  cir- 

.,  /  coulombs    ,  \ 
^"•^"^H      volts     ^)- 

y'  =  1/z'  Admittance  to  displacement  in  a  vibrator 

/    mirror  radians     ^  \ 
\    dyne  perp.  cm.        /  * 

Z    '  Impedance  to  alternating  current  in  a  branch 

circuit  (ohms  Z ) . 

z  Impedance  to  angular  velocity  in  a  vibrator 

(mechanical  absohms  or  —    ..  "^  ^' '—  Z  | . 
radians  per  sec.        / 

Z'  Impedance  to  displacement  in  a  branch  cir- 

..  /      volts        .  \ 

cult  I i — i—  Z   ) . 

\  coulombs       / 

zf  Impedance  to  displacement  in  a  branch  vibra- 


tor^   dy"^  pen),  cm.    ^\ 
\  radian  / 

CO  Impressed    angular   velocity    of   circuit   or 

.,     .             .       /  radians  \ 
vibratory  system  i I . 

coo,  coi,  (Oi  Impressed  angular  velocity  of  resonance  and 

J      4.  1      1      /  radians  \ 
quadrantal  valuesi  I . 

Z  Sign  of  planevector  or  complex  quantities. 
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Discussion  on  "Oscillographs  and  Their  Tests" 
(Kennelly,  Hunter  and  Prior),  New  York, 
N.  Y.,  February  20, 1920. 

F.  S.  Dellenbaughy  Jr.:  The  paper  in  addition 
to  a  very  valuable  method  of  calibrating  oscillo- 
graphs, presents  a  most  interesting  change  in  the  phil- 
osophy of  attacking  problems  of  this  sort.  It  was  not 
so  very  long  ago,  25  years  at  the  most,  when  elec- 
trical circuits  were  so  little  understood  that  mechani- 
cal analogies  were  used  as  devices  to  explain  electrical 
action.  Now  the  electrical  circuit  can  be  analyzed 
so  simply  that  the  method  of  attack  is  completely 
reversed,  and  electrical  analogies  are  used  t6  explain 
mechanical  action. 

It  also  is  the  first  time,  to  the  best  of  my  knowledge, 
that  the  term  Displacement  Impedance  has  b^n 
used,  and  an  equation  derived  for  it. 

It  has  been  seen  from  the  illustrations  that  the  locus 
of  this  impedance  is  a  parabola  in  the  first  and  second 
quadrants,  with  y  =  o  at  x  =  2  and  extending  to 
X  =  —  6.  The  upper  half  of  the  parabola  only  is 
given  however,  and  if  we  complete  the  curve  and 
examine  the  meaning  of  the  additional  branch  we 
find  a  more  generalized  application  of  the  impedance 
equation. 

The  equation  of  the  parabola  is: 

Z'  =  (5-L  0)2)  +jR  CO 

So  plotted  that  (5  —  L  co^)  forms  the  abscissas  and 
j  R  0)  forms  the  ordinates.  Thus  any  line  drawn  from 
the  origin  to  the  curve  represents  the  impedance 
vector  and  its  projections  on  the  axes  give  its  co- 
ordinates in  the  form  of  a  complex  number. 

It  is  evident  that  in  order  to  have  the  lower  part  of 
the  parabola,  R  must  become  negative,  since  j  R  w 
must  be  negative,  and  co  cannot  be  negative,  as  that 
would  also  affect  the  abscissas.  Therefore  the  general- 
ized curve  involves  —  R.  In  the  electrical  circuit 
this  of  course  means  a  generated  e.  m.  f .  In  the 
mechanical  circuit  this  means  negative  friction,j[or 
an  applied  external  force. 

If  we  substitute  a  term  "e"  representing  a  generated 
voltage  in  the  electrical  circuit,  and  specify  that  it 
must  be  of  the  same  frequency  and  in  phase  with  the 
applied  e.  m.  f.  we  obtain  the  equation: 

V  =  iZ  =  iR  +  e+;i(Lco-  5/co) 
From  which 

iZ''  =  i(5- Leo*)  +j  {Rio)  +  eu))  =i(5-Lco>) 

+  ja){Ri  +  e) 
Where  V  is  the  applied  voltage  and  i  the  resulting 
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current,  the  whole  equation  being  put  in  the  voltage 
form  in  order  to  introduce  e  unmodified.  It  is  of 
course  possible  to  replace  any  voltage  e  by  a  resistance 
drop  ik',  and  if  we  let: 

Then 

Z"  =  (5-Lco*)-yi2(l?:-  1)  CD 
If  K  is  greater  than  1. 

Thus  for  various  values  of  K  we  get  a  family  of 
curves  all  having  the  same  general  form  as  the  locus 
under  consideration  and  converging  from  both  sides 
of  the  Jf-axis  to  a  straight  line  coincident  with  the 
X-axis  when  K  is  unity. 

When  K  =  2  we  get  the  lower  half  of  the  same  curve 
that  is  already  represented  in  the  positive  ordinate 
portion  presented. 

The  impedance  now  is: 

Z"  =  (5-Lco2)-;i2cD 

That  is,  the  displacement  of  the  current  which  will 
pass  through  this  circuit  is  equal  and  opposite  to  that 
which  would  have  passed  through  the  circuit  repre- 
sented by  the  original  equation  for  Z'.  In  other 
words  the  system  is  delivering  power  at  the  same  rate 
at  which  it  previously  absorbed  it,  and  .all  phase 
relations,  must,  a  priori,  remain  the  same,  except 
that  the  current  has  shifted  180  deg. 

Following  out  the  same  line  of  reasoning  as  applied 
in  the  original  analogy  we  find  for  the  mechanical  case 
that  the  jower  half  of  the  parabola  is  the  locus  of  the 
mirror  displacement  on  an  oscillograph  which  must 
be  obtained  by  applying  an  external  force  as  a  torque 
producing  forced  oscillations  of  the  mirror  of  the  same 
magnitude  and  the  opposite  phase  as  would  have 
held  for  the  free  case,  the  value  of  the  force  being 
twice  the  friction  and  always  opposite  it  in  direction. 

In  other  words  the  oscillograph  will  now  deliver  as 
a  generator  current  of  the  same  characteristics  as  it 
previously  absorbed  as  an  instrument,  but  opposite 
in  sign. 

This  does  not  have  any  immediate  useful  applica- 
tion but  extends  the  scope  of  the  analogy.  It  is 
interesting  to  note  that  a  generator  similar  to  this 
type  has  actually  been  proposed,  and  I  believe  con- 
structed, in  connection  with  producing  small  amounts 
of  high-frequency  power  for  testing  circuits  in  radio 
telegraphy.  It  is  also  interesting  to  note  that  the 
efficiency  of  such  a  generator  may  be  made  quite 
high,  as  there  is  no  inherent  limitation  other  than 
the  usual  friction  and  resistance  losses. 

As  a  conclusion  from  this  expansion  it  might  be 
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stated  that  the  lower  half  of  the  parabola  should 
be  added  and  the  complete  curve  drawn,  for  although 
in  the  immediate  application  its  values  are  fictitious^ 
other  cases  of  similar  mechanical  analogy  might  give 
it  real  importance. 

B.  W.  St.  Clair:    I  think  that  this  is  one  of    the 
best  contributions  to  the  oscillograph  art  we  have  had 
in  a  number  of  years.    Anyone  who  has  had  to  do 
with  general  testing,  and  especially  with  development 
work  will  appreciate  that  there  are  many  limitations 
to  our '  present  oscillographs.    There  are   occasions 
when  it  has  been  necessary  to  give  unsatisfactoiy 
answers  to  inquisitive  engineers  about  the  faithfuj- 
ness  with  which  reports  represented  the  happenings 
in  some  complicated  circuit  or  machine. 

The  oscillograph  has  proven  to  be  one  of  the  finest 
engineering  instruments  we  possess  and  it  has  enabled 
us  to  solve  many  problems  that  could  not  have  been 
approached  without  it.    Its  range  of  usefulness,  how- 
ever, has  not  been  as  extensive  as  might  be  desired 
on  account  of  the  rather  low  natural  period  of  the 
vibrator.    For  that  reason  we  have  had  to  effect  a 
compromise  between  sensitivity  and  natural  period. 
In  cases  where  the  sensitivity  had  to  be  much  increased, 
the  natural  period  was  often  lowered  so  far  as  to  make 
the  accurate    recording    of    the    higher    harmonics 
of  a  60-cycle  wave  impossible.    The  normal  vibrator 
takes  considerable  current  for  its  operation,  and,  there 
are  many  instances  where  we  have  wished  wemijriit 
increase  its  sensitivity  a  hundred  fold.    It  is  jposoble 
in  extreme  cases  to  increase  the  sensitivity  fifty  fold. 
But  this  can  only  be  done  by  a  serious  lowering  of  the 
natural  period.    This,  of  course,  represented  a  com- 
promise between  accuracy  of  recording  and  ability 
to  get  measurable  deflections.    Until  the  advent  of 
Dr.  Kennelly's  paper  it  was  impossible  to  coirect  Ihe 
oscillogram  for  limitations  of  the  vibrator  at  high 
frequencies. 

There  is  another  application  of  Dr.  KennelVs 
work  that  is  going  to  be  very  helpful  in  modem 
oscillograph  practise.  It  is  the  ease  with  which  it  is 
now  possible  to  determine  the  damping  factors  of 
our  vibrators.  Previously,  every  time  it  was  necessary 
to  make  a  serious  change  in  the  vibrator,  either  in 
tension  on  the  strings,  or  the  size  of  the  mirror,  or  the 
dimensions  of  the  strings,  it  was  necessary  to  make 
elaborate  tests  to  determine  how  near  aperiodic 
the  damping  was.  It  involved  the  making  of  films 
at  high  speeds  showng  the  way  the  vibrator  returned 
to  zero  when  suddenly  disconnected  from  a  storage 
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battery.  Several  times  in  cases  where  it  was  necessary 
to  use  increased  tension,  the  damping  was  so  much 
less  than  critical  that  the  vibrator  made  appreciable 
deflections  on  the  negative  side  of  the  zero  line.  In 
general,  it  has  been  our  experience  tliat  with  oil  damped 
vibrators  the  damping  is  excessive;  that  is,  there  is 
too  much  frictional  resistance  for  the  vibrator  to  be 
aperiodic.  It  will  now  be  possible  to  determine  how 
far  our  damping  is  from  critical  by  making  a  determin- 
ation of  Dr.  Kennelly's  "bluntness  constant."  This 
is  a  much  easier  thing  to  do  than  the  older  test  for 
damping. 

This  question  of  damping  is  a  very  important  one, 
especially  on  impulse  work.  A  number  of  cases  have 
come  to  our  attention  where  erroneous  results  were 
given  because  our  damping  was  not  suflBciently  great. 
There  have  been  cases  where  it  has  been  necessary  to 
increase  the  vibrator  tension  almost  to  the  breaking 
point,  and  to  decrease  the  size  of  the  mirrors  almost 
to  the  vanishing  point  in  order  to  get  a  sufficiently 
high  period  for  some  particular  impulse  test.  Ex- 
perience showed  that  every  vibrator  under  these 
conditions  needed  checking  for  damping.  The  deter- 
mination of  the  bluntness  constant  will  be  easier 
than  the  making  of  films  of  the  damping.  We  cannot 
use  Dr.  Kennelly's  methods  in  their  present  form 
directly  for  the  correction  of  impulse  results,  but  they 
will  be  useful  for  checking  damping,  which  is  so  very 
important  in  this  kind  of  work. 

Again  it  will  be  possible  to  make  this  determination 
at  the  point  where  the  oscillograph  is  to  be  used.  In 
many  cases  it  is  necessary  to  use  the  instrument  in 
hot  engine  rooms  where  the  damping  is  far  from  what 
it  was  in  the  laboratory. 

N.  E.  Bonn:  Mr.  St.  Clair  brings  out  the  fact  that 
it  requires  a  tremendous  amount  of  skill  to  accurately 
operate  the  oscillograph.  You  not  only  have  to  take 
pictures  and  develop  them,  but  you  have  got  to 
measure  quantities  such  as  B  and  F  in  the  damping, 
and  the  resonant  frequency  of  the  oscillograph  element. 
The  oscillograph  is  limited  in  its  usefulness  to  a  certain 
amount  of  energy,  that  is,  since  we  must  use  the  vi- 
brator very  near  the  critical  damping  point,  the  use 
of  a  varying  coil  is  necessary  which  means  that  you 
cannot  detect  very  small  amounts  of  electric  current. 
The  sensitivity  is  materially  decreased.  In  certain 
cases  I  can  see  how  the  oscillograph  cannot  be  used, 
because  it  may  be  that  the  natural  frequency  of  the 
vibrator,  by  which  you  make  the  measurements,  is 
just  as  high  as,  or  perhaps  higher  than,  the  natural 
frequency  of  the  oscillpgraph  meter. 
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It  might  be  well  to  mention  here  that  there  are  cer- 
tain classes  of  work  in  which  the  old  point  to  point 
method  is  still  preferable  to  the  oscillograph,  because 
it  is  much  more  simple,  and  there  is  no  chance  of  er- 
rors which  have  to  be  corrected,  especially  if  you  con- 
sider some  of  the  more  modem  types  of  the  point  to 
point  methods,  such  as  the  Rosa  ciu^e  tracer.  That 
IS  an  instrument  that  gives  absolutely  correct  results 
and  at  the  same  time  reduces  the  labor  of  getting  the 
wave  shape  to  a  fraction  of  its  former  value.  It  is 
capable  of  plotting  ciu^es  in  a  comparatively  short 
time,  with  very  great  accuracy,  because  it  follows  the 
potentiometer  method  of  measurement. 

We  have  taken  a  further  step  in  that  direction  and 
now  we  think  we  will  be  able  to  develop  an  instrument 
which  will  be  entirely  automatic,  which  will  automatic- 
ally plot  the  coil — of  course,  if  the  coil  is  periodic,  it 
must  be  a  periodic  phenomenon  or  must  be  capable 
of  being  made  periodic  by  some  external  means.  The 
instrument  which  is  being  developed  is  going  to  be 
altogether  automatic,  so  that  the  only  thing  to  be  re- 
quiml  will  be  to  press  a  button  and  throw  a  switch, 
and  the  instrument  will  automatically  give  you  the 
true  shape  of  the  curve  you  are  looking  for  within  certain 
fre<juencies.  I  think  that  2000  frequency  is  the  upper 
limit  of  the  point  to  point  method  of  wave-shape  de- 
termination, because  of  the  impossibility  of  getting 
a  contact  of  very  short  duration. 

M.  A.  Rusher  (by  letter):  I  agree  with  the  authors 
of  this  paper  that  for  certain  extremely  accurate 
tests  in  which  high  frequencies  are  involved,  more  at- 
tention should  be  given  to  the  matter  of  calibrations 
than  has  usually  been  given.  One  who  is  not  ^^ell 
acquainted  with  the  use  of  the  oscillograph  is  likely, 
however,  to  infer  from  this  paper  that  the  operation 
of  the  oscillograph  is  inherently  bad,  which  is  not 
true.  New  uses  are  being  made  of  it  everyday  with 
perfectly  satisfactory  results. 

Assuming  that  the  apparatus  and  tests  here  pre- 
sented are  the  best  possible,  it  is  still  true  that  it  has 
no  application  to  all  of  those  tests  involving  transient 
phenomena.  Moreover,  it  is  not  necessary  to  apply 
any  such  correction  to  the  wide  range  of  investigations 
involving  direct  current  and  alternating  current  of 
low  frequencies  only.  Even  in  the  case  of  wave  shape 
records,  which  seems  to  be  the  case  which  has  received 
the  most  attention,  I  believe  that  results  will  show  that 
the  corrections  are  small  except  in  relatively  few  cases. 
jJ|The  tests  suggested  do  not  seem  to  be  so  readily 
made  as  indicated.    Unless  they  are  made  under  the 
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exact  conditions  of  test  in  regard  to  temperature  of 
damping  liquid,  etc.,  I  do  not  see  that  they  are  of  much 
benefit.  It  appears  to  me  that  it  would  be  necessary 
to  remove  the  complete  galvanometer  from  the  oscil- 
lograph and  either  place  it  in  a  special  box  with  spe- 
cial optical  system  and  the  oscillographmeter  or  else 
have  these  properly  mounted  in  a  dark  room  where  the 
necessary  Vreeland  Oscillator  is  available  for  the  test. 
Tests  of  resonant  frequency  should  be  made  with  the 
damping  liquid  at  different  temperatures  and  a  curve 
plotted  between  temperature  and  resonant  frequency. 

By  knowing  the  temperature  of  the  damping  liquid 
in  any  later  test,  the  proper  corrections  could  then  be 
applied. 

In  order  to  test  the  oscillographmeter,  advantage 
can  be  taken  of  the  fact  that  the  resonant  frequency 
without  damping  is  the  same  as  the  natural  free  period 
of  the  vibrator.  This  can  be  very  easily  determined 
by  taking  an  oscillogram  at  the  instant  of  discon- 
necting a  direct  current  from  the  vibrator  circuit,  at 
the  same  time  recording  a  wave  of  laiown  frequency 
from  another  vibrator.  The  period  of  the  vibration 
without  damping  can  be  found  by  comparing  the  two 
waves  over  any  given  period.  It  would  simplify  the 
matter  of  corrections  if  all  could  be  referrea  to  this 
natural  free  period  of  vibration  as  it  can  be  determined 
.  without  any  special  apparatus.  I  believe  that  when 
standard  vibrators  with  the  ordinary  damping  Uquid  are 
used,  it  would  only  be  necessary  to  make  the  tests 
suggested  by  the  authors  on  a  few  vibrators  at  different 
temperatures  of  damping  liquid  and  from  these, 
constants  could  be  determined  which  would  apply  to 
any  vibrator  of  the  same  type.  The  accuracy  would 
be  almost  as  great  as  if  the  tests  were  taken  on  each 
vibrator  at  sometime  previous  to  using  it  in  the  oscil- 
lograph. 

A.  E.  Kennelly:  Mr.  Dellenbaugh  has  shown 
us  that  the  parabolic  curve  which  is  only  a  half  para- 
bola in  the  paper,  is  really  part  and  parcel  of  a  whole 
parabola,  the  lower  part  being  the  generator  part,  and 
the  upper  part  the  motor  part.  Mr.  Dellenbaugh  is 
the  father  of  the  lower  half  of  this  parabola.  Cutting 
the  parabola  in  two  in  the  middle  is  always  an  un- 
scientific process,  from  the  geometrical  standpoint, 
and  a  complete  parabola  is  always  preferable  if  only 
on  theoretical  grounds. 

Mr.  Hunter  has  contributed  largely  to  this  work  by  a 
great  deal  of  patient  observation,  and  I  am  sorry  he 
did  not  extend  his  remarks. 

Mr.  Bonn  has  referred  to  the  wave  tracer,  and  there 
is  room  in  electrical  laboratories  for  all  kinds  ol  vas»\x\i- 
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ments.  We  want  oscillographs  and  wave  tracers,  and 
there  is  always  room  for  various  types,  and  I  am  glad 
to  know  that  a  wave  tracer  is  likely  to  be  developed 
which  does  not  take  too  long  to  get  around  the  cycle. 
As  a  rule,  by  tiie  time  you  get  around  the  cycle,  when 
you  start  to  trace  the  waves  the  second  time,  one  is  apt 
to  find  the  wave  has  changed,  and  when  you  start  to 
trace  it  the  third  time,  one  finds  that  the  wave  is  still 
further  changed.  H  you  could  get  the  tail  end  before 
the  head  changed,  you  might  get  a  complete  curve, 
and  it  is  gratifying  to  know  that  we  may  get  the  tail 
and  head  to  agree  with  the  new  instrument  that  is 
su^ested. 

The  oscillographmeter  is  not  limited  by  its  particu- 
lar* frequency  of  resonance.  All  that  is  necessary 
is  that  its  resonance  shall  not  be  near  to  the  resonance 
of  the  tested  instrument.  It  may  be  above  or  below 
and  if  it  is  used  above  the  natural  frequency,  the  re- 
sults are  as  good  as  if  used  below.  We  have  used  it 
botii  ways,  and  it  is  hard  to  tell  the  difference. 

The  remarks  of  Mr.  St.  Clair  are  very  interesting. 
I  am  afraid  that  test  of  his  may  still  be  necessary  to 
determine  the  damping  for  impulse  work,  because 
the  work  described  in  this  paper  applies  mainly  to 
sustained  oscillations  and  is  not  directed  to  impulse 
oscillograms  which  differ  as  much  from  sustained  os- 
cillograms and  wave  forms  as  free  oscillations  in  electric 
circuits  differ  from  sustained  oscillations.  There  is 
another  chapter  to  be  contributed  by  somebody  in 
dealing  with  impulse  oscillograms. 
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THE  ACCURACY  OF  COMMERCIAL  ELECTRICAL 

MEASUREMENTS 

BY  H.  B.  BROOKS 

Physicist  U.  S.  Bureau  of  Standards 

The  paper  discusses  the  acciiraoy  required  in  commercial 
electrical  measurements,  and  the  means  of  obtaining  it,  namely, 
proper  choice,  installation,  use^  and  maintenance  of  mstruments. 
Conditions  of  use,  external  disturbing  influences,  and  features 
of  design  and  construction  affecting  the  accuracy  are  considered  i 
in  detail.  The  best  types  of  instrument  for  measuring  voltage 
and  current  are  mentioned. 

The  sources  of  error  in  electrodynamic  wattmeters  are  dis- 
cussed, including  the  effect  of  instrument  transformer  errors. 
The  principal  factors  affecting  the  accuracy  of  watthour  meters 
are  given.  In  conclusion,  some  improvements  which  should  be 
soon  forthcoming  are  mentioned. 

1.  Introduction;  Definitions 
T*HE  object  of  this  paper  is  to  discuss  the  need  for  accuracy 
^  in  practical  electrical  measurements,*  the  means  by  which 
it  may  be  obtained,  and  the  effect  of  external  conditions  and 
manner  of  use  upon  the  results.  The  discussion  is  limited 
mainly  to  commercial  measurements,  and  is  intended  more 
especially  for  the  average  user  who  is  neither  ignorant  of 
the  subject  nor  a  laboratory  expert.  It  is  hoped,  however, 
that  the  latter,  as  well  as  designers  and  makers  of  instruments, 
may  find  some  points  of  interest. 

It  is  not  often  realized  to  what  extent  measurement  runs 
through  the  whole  structure  which  the  electrical  engineer 
has  created.  We  have  at  our  disposal  such  varied  means 
for  electrical  generation,  distribution,  conversion  and  utiliza- 
tion that  we  are  apt  to  think  of  measurement  only  in  terms 
of  electrical  instruments  and  meters.  Yet  almost  any  device 
we  can  mention,  as  for  example  an  incandescent  lamp,  requires 
in  its  manufacture  a  great  variety  of  measurements,  each  of 
which  must  be  made  with  some  definite  accuracy  if  the  lamp 
is  to  give  a  satisfactory  performance.  The  control  of  a  large 
electric  system  by  a  load  dispatcher  is  another  example. 
Here  the  state  of  affairs  in  the  various  parts  of  the  system  is 
shown  by  the  instrument  readings,  andjvemay  liken_themeas- 

*This  paper  is  written  from  the  laboratory  viewpoint,  but  the  effects 
of  service  conditions  and  operation  are  rather  fully  discussed.  It  is  not 
possible  to  secure  as  high  accuracy  in  the  field  as  in  the  laboratory,  and 
in  comparing  service  performance  with  laboratory  performance  this  fact 
should  be  kept  in  mind. 
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uring  apparatus  in  this  case  to  the  nervous  system  by  which 
the  brain  is  kept  constantly  advised  of  the  condition  of  the 
entire  body. 

Accuracy  should  be  clearly  distinguished  from  sensitivity. 
An  instrument  is  sensitive  when  a  relatively  small  change  in 
the  quantity  under  measurement  produces  an  appreciable 
motion  of  the  index;  it  is  accurate  when  its  indications  differ 
only  slightly  from  those  of  suitable  standard  instruments. 
A  well-made  ammeter  is  sensitive  to  0.1  per  cent  at  or  near 
full-scale  reading,  but  may  fall  short  of  being  accurate  by 
^several  per  cent  because  of  bad  adjustment.^ 

While  initial  accuracy  is  important,  sustained  accuracy 
in  service  is  what  counts  in  the  long  run,  and  it  is  quite  possible 
in  some  cases  to  get  better  sustained  accuracy  from  certain 
types  of  instruments  than  from  others  of  much  higher  initial 
accuracy  but  of  more  delicate  and  intricate  construction. 

The  accuracy  of  an  instrument  may  be  expressed  in  several 
ways.  The  simplest  and  in  many  respects  the  most  unsatis- 
factory is  to  state  that  the  instrument  is  accurate  within  a 
certain  percentage.  Such  a  statement  can  apply  to  only 
a  part  of  the  scale.  For  example,  it  was  at  one  time  customary 
for  the  maker  to  certify  that  precision  direct-current  portable 
voltmeters  were  accurate  to  0.2  per  cent.  At  full  scale  (say 
150  divisions)  this  amounts  to  0.3  of  a  division,  and  such  an 
accuracy  is  quite  possible.  However,  at  50  divisions  the 
same  percentage  error  is  only  0.1  division,  which  is  approach- 
ing the  limit  of  reading.  Such  a  guarantee  should  be  qualified 
by  stating  the  part  of  the  scale  over  which  it  applies.  Even 
then,  this  permits  errors  of  increasing  amount,  expressed 
in  divisions,  as  the  upper  end  of  the  scale  is  approached,  which 
from  the  user's  standpoint  is  an  unnecessary  limitation. 

A  method  much  superior  to  the  preceding  is  to  certify  that 
the  instrument  is  correct  to  within  a  given  percentage  of  the 
full  scale  value.  Such  a  guarantee  is  stated  (or  understood) 
to  apply  over  the  entire  scale,  and  in  uniform-scale  instruments 
amounts  to  saying  that  no  division  mark  is  out  of  its  proper 
position  by  more  than  a  certain  linear  distance.  For  in- 
struments which  are  to  be  used  for  general  testing  or  experi- 
mental  work  and  will  therefore  be  used  over  a  considerable 

1.  For  a  more  detailed  discussiou  uf  the  t<irms  sensitivity  and  aocuraoy, 
see  "Variance  in  Measuring  Instruments,"  by  F.  J.  Schlink,  Scientiflo 
Paper  No.  328  of  the  Bureau  of  Standards. 
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part  of  the  scale,  such  a  guarantee  seems  to  be  a  satisfactory 
one  for  all  concerned. 

2.  Accuracy  Requirements 

It  is  not  easy  to  specify  just  what  accuracy  is  required  for 
a  given  class  of  electrical  instruments.  It  is  a  waste  of  money 
to  expend  labor  in  adjusting  apparatus  to  a  higher  accuracy 
than  the  work  requires,  and  it  is  no  less  so  to  vitiate  the  re- 
sults of  an  important  test  by  the  use  of  one  or  more  instruments 
of  insufficient  accuracy.  Aside  from  their  extra  cost,  instru- 
ments of  needlessly  high  accuracy  are  sometimes  less  rugged 
than  cheaper  ones  of  sufficient  accuracy.  ^ 

However,  it  is  not  usually  practicable  for  the  maker  to 
determine  which  individual  instruments  will  be  used  for  approx- 
imate measurements  and  which  for  work  requiring  greater 
accuracy.  In  general,  therefore,  he  must  adjust  all  instru- 
ments of  a  given  type  and  grade  to  an  accuracy  appreciably 
greater  than  the  lowest  tolerable  for  some  particular  purpose. 
For  his  own  guidance  and  that  of  the  user,  he  should  have  stand- 
ard requirements  for  instruments  of  definite  grades,  and  all 
instruments  should  be  clearly  marked  to  show  their  grade. 
This  need  was  recognized  in  England  ten  years  ago  by  the 
Engineering  Standards  Committee,  which  issued  the  "British 
Standard  Specification  for  Ammeters  and  Voltmeters."  A 
revised  edition  has  just  been  issued,  covering  also  wattmeters, 
frequency  and  power  factor  meters.  Graphic  ammeters, 
voltmeters,  and  wattmeters  are  the  subject  of  a  separate 
specification.  Ammeters,  voltmeters,  and  wattmeters  are 
divided  into  three  grades,  namely,  Sub-Standards,  First 
Grade,  and  Second  Grade.  Each  instrument  must  be  marked 
to  show  the  grade  to  which  it  belongs.^ 

2.  The  accuracies  required  by  the  British  Standard  Specification 
are  as  follows: 

Kind  and  Grade  Accuracy 

Voltmeters,    sub-standard     zfc  0.2%  of  full  scale  value. 

Ammeters,  sub-standard       ±  0.5%  of  full  scale  value. 

Voltmeters,  first  grade  it  1%  of  the  r^^ading,  above  half  scale; 

zfc  0.5%    of   full-scale    value,    below    half 
scale. 

Ammeters,  first  grade  ±  2%  of  the  reading,  above  half  scale; 

it  1  %  of  full-scale  value,  below  half  scale. 

Voltmeters,   second  grade     it  2%  of  the  reading,  above  half  scale; 

it  1  %  of  full-scale  value,  below  half  scale. 

Ammeters,    second    grade     it  4%  of  the  reading,  above  half  scale; 

±  2%  of  full-scale  valMc*,  X^^Xo-v  >mJ^  ^«sKi\A« 
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In  the  case  of  ammeters  with  external  shunts,  the  error 
of  either  the  shunt  or  the  millivoltmeter  with  its  leads  must 
not  exceed  one-half  the  specified  tolerance  for  the  given  grade. 

In  an  interesting  paper  on  "Guarantees  of  Accuracy  of  In- 
struments for  Industrial  Electrical  Measurements/'  G.  Campos* 
points  out  that  the  radically  different  method  of  use  of  volt^ 
meters  and  ammeters  requires  recognition  in  the  specifica- 
tion of  accuracy  for  the  two.    He  says: 

While  it  is  desirable  for  a  voltmeter  to  be  accurate  within  1  per  oent 
in  the  very  limited  region  in  which  it  is  used»  and  even  a  greater  accuracy 
is  useful  in  many  cases,  it  is  on  the  other  hand  entirely  superfluous  that 
su^  values  be  maintained  when  by  some  accident  the  voltage  drops 
to  half  the  normal,  at  which  time  it  is  more  than  sufficient  for  the  operator 
or  the  user  to  follow  roughly  the  variations,  either  the  coming  up,  or 
the  renewed  fall  of  the  voltage;  in  such  cases  2  or  3,  or  even  4  per  cent 
accuracy  is  practically  sufficient. 

Campos's  suggestion  implies  that  the  cost  of  voltmeters 
could  be  reduced,  or  the  accuracy  over  the  working  part 
of  the  scale  could  be  increased  for  the  present  cost,  if  a 
much  lower  accuracy  were  permitted  outside  the  working 
range. 

He  also  points  out  that  the  unnecessary  requiremfent  of  too 
high  an  accuracy  not  only  means  a  useless  increase  in  cost 
but  may  lead  to  the  impairment  of  some  essential  qualities. 
He  makes  the  suggestion  that  in  addition  to  the  more  precise 
but  more  delicate  instruments  used  for  the  normal  operation 
of  a  plant  there  ought  to  be  provided  emergency  instruments, 
especially  ammeters,  which  will  give  rather  rough  but  reliable 
indications  in  case  of  short  circuit  or  similar  accidents.^ 

3.  L* EkUroUcnica,  vol.  4.  pp.  123-127;    1917. 

4.  This  applies  only  to  abnormal  currents  which  last  for  an  appreciable 
time.  Direct-current  ammeters  having  this  feature  have  been  constructed 
by  Jules  Richard  of  Paris.  In  this  ammeter  the  moving  coil  is  con- 
trolled by  the  usual  two  spiral  springs  over,  say,  the  lower  two-thirds  of 
the  scale.  When  the  coil  moves  farther,  a  third  spring  also  opposes 
the  motion,  and  thus  the  current  required  for  a  given  increment  of  angular 
motion  is  increased.  For  example,  the  lower  two-thirds  of  the  scale 
may  be  graduated  from  0  to  100  amperes,  while  the  upper  third  extends 
from  100  to  300  amperes.  This  type  of  ammeter  is  used,  for  example, 
in  connection  with  motors,  the  running  current  being  observed  on  the 
lower  two- third 8  of  the  scale  and  the  large  momentary  starting  currents 
on  the  upper  third.  If  an  ammeter  of  the  usual  construction  is  used 
for  such  a  purpose,  the  angular  dofioction  given  by  the  running  current 
is  too  small  for  accurate  reading. 
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3.  How  ACXJURACY  MAY  BE  OBTAINED 

A  required  degree  of  maintained  accuracy  in  service  re- 
quires attention  to  all  of  the  following  points:  (1)  choice  of 
the  most  suitable  operating  principle;  (2)  selection  of  a  com- 
petent and  experienced  maker;  (3)  correct  installation;  (4) 
intelligent  use;  (5)  suitable  maintenance  and  testing. 

(a)  Choice  of  Operating  Principle.  For  nearly  all  direct- 
current  purposes  the  permanent-magnet  moving-coil  instru- 
ment is  the  most  desirable.  This  type  is  so  well  known  that 
no  description  need  be  given  here.  It  has  a  practically  uniform 
scale,  which  facilitates  the  mechanical  sub-division  of  the 
scale  between  the  points  laid  out  by  comparison  with  a  stand- 
ard, and  also  makes  it  easier  to  estimate  fractions  of  a  division. 
This  type  is  made  in  a  great  variety  of  sizes  and  styles,  from 
which  it  is  possible  to  select  instruments  for  all  but  very 
special  requirements. 

For  alternating  current  the  question  of  choice  is  not  so  simple. 
There  are  available  five  types,  namely,  moving-iron,  electro- 
dynamic,^  induction,  hot-wire,  and  thermocouple  instruments. 
Electrostatic  instruments  are  available  for  the  measurement 
of  alternating  voltage  and  power,  but  on  account  of  their 
delicacy  they  are  more  suitable  for  the  laboratory  than  for 
commercial  work,  and  they  are  used  only  when  it  is  essential 
or  very  desirable  that  no  current  be  taken  by  the  voltage 
element. 

In  choosing  a-c.  ammeters  and  voltmeters,  one  finds  two 
schools  of  thought  favoring  the  moving-iron  and  the  induction 
type  respectively.  The  advocates  of  the  moving-iron  type 
point  out  that  well  made  ammeters  on  this  principle  are  useful 
with  only  slight  changes  in  accuracy  over  the  whole  commer- 
cial range  of  frequency,  and  that  even  at  say  500  cycles  the 
change  in  accuracy  as  compared  with  that  at  ordinary  fre- 
quency is  only  a  few  per  cent.  Those  who  champion  the 
induction  type  point  out  the  relatively  low  torque  and  torque- 
weight  ratio  and  the  delicacy  of  the  parts  of  the  moving-iron 
and  electrodynamic  types,  and  contrast  these  with  the  rugged- 
ness,  high  torque  and  torque-weight  ratio,  and  ease  of  repair 
by  ordinary  operators  which  characterize  the  induction  in- 

5.  The  use  of  the  shorter  adjective  form  "electrodynamic"  is  suggested 
as  preferable  to  the  use  of  the  somewhat  clumsy  noun  "olectrodyn- 
amometer"  as  an  adjective.  The  French  have  used  *'61ectrodynamique** 
for  a  number  of  years,  setting  us  a  good  example. 
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strument.  They  also  point  to  the  widespread  use  of  the 
induction  watthour  meter  and  its  practical  advantages  over 
the  electrodynamic  (direct-current)  watthour  meter.  The 
advocates  of  the  moving-iron  and  electrodynamic  instruments, 
on  the  other  hand,  point  out  that  induction  instruments  can 
be  adjusted  for  only  one  frequency  (two  in  the  case  of  in- 
duction ammeters),  and  hence  would  be  relatively  more  affected 
by  departures  from  normal  frequency.  The  matter  is  not 
one  that  can  be  decided  off-hand,  but  needs  to  be  considered 
in  connection  with  the  circumstances  of  use,  including  the  kind 
of  labor  available  for  maintenance  of  instruments.  However, 
it  is  not  amiss  to  point  out  that  for  experimental  or  other 
work  where  the  frequency  must  be  varied,  the  induction  type 
is  unsuitable.®  Other  features  affecting  the  choice  are  the 
effects  of  stray  magnetic  fields,  ability  of  the  ammeters  to 
withstand  short  circuits,  and  scale  length  per  unit  area  of 
space  occupied  on  panels,  which  favor  the  induction  type, 
and  low  impedance  of  the  ammeters  which  favors  the  moving- 
iron  type. 

For  laboratory  use  at  usual  frequencies,  when. the  desired 
accuracy  is  better  than  the  moving-iron  type  will  give  on 
various  frequencies  and  wave  forms,  the  electrodynamic  type 
is  preferable  because  it  can  be  checked  on  reversed  direct 
current,  and  its  error  due  to  inductance  can  be  readily  computed 
for  any   given   frequency. 

For  the  measurement  of  high-frequency  currents  there  is 
a  choice  between  the  hot-wire  (expansion)  instrument  and  the 
more  recent  thermocouple  instrument.  The  hot-wire  instru- 
ment has  a  number  of  failings,  including  zero  shift,  liability 
of  damage  from  overloads  and  rough  handling,  and  sluggish- 
ness of  response  to  changes  of  the  current.  The  hot-wire 
voltmeter  is  practically  independent  of  the  frequency  of  the 
circuit.  The  comparison  of  a  150-volt  hot-wire  voltmeter 
with  an  electrostatic  voltmeter  of  similar  range,  first  on  direct 
current,  then  on  180,000  cycles,  gave  no  indication  of  any 
effect  of  frequency,  within  the  limit  of  reading.  The  thermo- 
couple instrument  has  a  permanent-magnet  moving-eoil 
system  which  is  connected  to  a  thermocouple  or  a  bridge 

6.  This  may  seem  like  a  needless  warning,  but  the  writer  has  in  mind 
the  case  of  a  laboratory  intended  for  commercial  research  and  investi- 
g:ation  which  obtained  a  large  outfit  of  induction  instruments  because 
their  limitations  were  not  recognized. 
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arrangement^  of  thermocouples.  It  appears  probable  that 
the  operating  advantages  of  the  thermocouple  instrument 
will  cause  it  eventually  to  supersede  the  hot-wire  instrument. 
For  some  purposes,  however,  the  hot-wire  instrument  has  an 
advantage  over  the  bridge  form  of  thermocouple  ammeter 
in  that  the  former  indicates  correctly  the  value  of  a  direct 
current  regardless  of  its  direction,  while  the  thrniiicouple 
ammeter  may  even  deflect  below  zero  for  one  direction  of  the 
current. 

(b)  Scale  Law.  This  term  may  be  used  to  denote  the 
manner  in  which  the  length  of  a  division  varies  over  the 
scale.  If  this  length  is  constant,  the  scale  is  said  to  be  linear. 
If  the  scale  divisions  increase  in  length  going  up  scale>  and 
in  such  a  way  that  n  times  the  electrical  quantity  gives  n* 
times  the  angular  deflection,  the  instrument  has  a  quadratic 
or  square-law  scale.  The  latter  are  found  in  the  precision 
ammeter  and  voltmeter  made  on  the  Kelvin  balance  principle, 
and  the  torsion  head  electrodynamic  voltmeter.  Many  instru- 
ments have  scale  laws  which  are  neither  linear  nor  quadratic; 
for  example,  some  electrodynamic  voltmeters  have  a  scale 
which  for  the  first  half  of  the  angular  deflection  resembles  the 
quadratic,  but  which  shows  a  decrease  in  length  of  a  division 
from  about  the  middle  on  to  the  upper  end  of  the  scale.  The 
reason  for  this  departure  will  now  be  given,  with  a  discussion 
of  the  scale  law  as  affecting  the  initial  and  sustained  accuracy* 

Strictly  speaking,  no  instrument  scale  is  exactly  linear 
or  quadratic.  Neglecting  pivot  friction,  a  permanent-magnet 
moving-coil  instrument  would  give  a  scale  law  more  and  more 
nearly  linear  as  the  angular  length  of  the  scale  is  reduced. 
Over  the  whole  scale  there  will  be  departures  from  uniformity 
of  length  of  the  divisions,  because  of  variations  in  the  strength 
of  the  magnetic  field  from  point  to  point  along  the  gap.  The 
electrodynamic  voltmeter  or  ammeter  will  tend  more  and 
more  toward  the  quadratic  scale  as  the  angular  length  of 
the  scale  is  reduced.  There  are  two  distinct  causes  at  work; 
first,  the  general  operating  principle,  second,  the  geometrical 
relations  between  the  fixed  and  the  moving  coils  which  deter- 
mine for  each  position  of  the  moving  coil  the  strength  and 
direction  of  the  magnetic  field  whose  interaction  with  that  of 
the  moving  element  produces  the  torque.    The  latter  cause 

7.  The  bridge  arrangement  of  thermocouples  is  described  by  P.  Qossen, 
E.  T.  Z.  vol.  31,  pp.  143-4;   1910. 
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may  be  called  the  "geometry"  of  the  operating  system,  and 
the  way  in  which  it  operates  may  be  seen  from  the  following 
illustration. 

In  an  electrodynamic  voltmeter  in  which  a  moving  coil 
turns  within  a  fixed  coil,  there  are  two  positions  of  the  moving 
coil  in  which  no  current,  however  large,  can  produce  torque. 
One  occurs  when  the  coil  is  turned  below  its  normal  zero  posi- 
tion until  the  plane  of  the  moving  coil  is  parallel  to  the  plane 
of  the  fixed  coil.  The  other  position  is  above  the  full  scale 
point,  with  planes  parallel  as  in  the  preceding.  The  latter 
is  a  stable  position  with  current  flowing,  the  former  is  unstable. 
In  the  stable  position  the  magnetic  fluxes  set  up  by  the  two  coils 
are  additive,  while  in  the  unstable  they  are  opposing.  Be- 
tween these  two  extreme  positions  the  torque  corresponding 
to  a  given  current  is  not  constant,  but  depends  on  the  form 
and  relative  dimensions  of  the  coils.  If  an  arrangement  of 
coils  could  be  used  such  that  the  torque  for  a  given  current 
is  constant  over  a  certain  part  of  the  range  of  motion  of  the 
moving  coil,  and  the  scale  be  limited  to  that  range,  then  the 
instrument  will  have  a  quadratic  scale  if  made  as  a  voltmeter 
or  an  ammeter,  or  a  linear  scale  if  made  as  a  wattmeter.  Much 
effort  has  been  spent  in  devising  forms  of  coils  that  would 
give  this  result,  and  some  unusual  and  difficult  forms  have 
been  used;  for  example  those  of  Bruger  and  Raps*.  However, 
further  research  has  shown*  that  with  proper  relative  dimen- 
sions the  desired  results  can  be  had  with  sufficient  approxima- 
tion using  simple  circular  or  rectangular  coils  of  very  reason- 
able form.  In  any  case  the  moving  coil  must  not  approach 
too  near  the  limiting  positions  of  zero  torque. 

By  varjdng  the  coil  geometry  it  is  possible  to  give  the  scale 
special  features.  For  example,  a  well-known  American  port- 
able wattmeter  is  designed  so  that  the  divisions  near  the  zero 
are  2.7  times  as  long  as  those  near  the  upper  end  of  the  scale. 
This  scale  is  approximately  a  logarithmic^^  one,  and  tends  to 
give  equal  percentage  accuracy  on  all  deflections. 

As  an  extreme  case  of  what  can  be  done  in  altering  the 
natural  scale  law  by  special  geometry  may  be  mentioned  a 

8.  Bruger,  E.  T.  Z.  vol.  15,  pp.  331-4,  1894;  Raps,  E.  T.  Z.  vol.  20,  pp. 
665-670.  1899. 

9.  Sack,  E.  T.  Z.  vol.  28.  pp.  268-271,  1907. 

10.  Edgcumbe,  Industrial  Electrical  Measuring  Instruments,  2d  ed.,  p.  9. 
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form  of  electrodynamic  ammeter  aad  voltmeter"  made  by 
Hartmann  and  Braun.  In  this  instnunent,  which  inherently 
would  tend  to  the  quadratic  scale,  a  special  arrangement  of 
coils  gives  a  scale  which  is  nearly  linear  over  more  than  nine- 
tenths  of  the  range  of  current  or  voltage  measured.  The 
instrument  possesses  great  interest  as  showing  what  can  be 
done  in  the  way  of  meeting  special  requirements  with  relatively 
simple  coil  geometry.  The  scale  of  such  an  instrument  is 
shown  in  Fig.  1.  In  general,  however,  instrument  scales 
should  follow  the  natural  law  of  the  instrument,  if  an  efficient 
design  is  desired. 

While  agreeing  with  the  theoretical  basis  of  the  logarithmic 
scale,  the  writer  wishes  to  call  attention  to  a  practical  defect 
of  electrodynamic  voltmeters  and  wattmeters  having  such 
scales.    The  defect  consists  of  an  appreciable  effect  upon  the 
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Fig.  1 — Linear  Scale  Obtained  in  Electrodynamic  Inbtrumbnts 
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accuracy  when  the  index  is  slightly  bent  and  the  resulting 
zero  error  is  removed  by  shifting  the  spring  abutment,  as  is 
done  by  turning  the  zero  adjusting  device  with  which  most 
modem  instruments  are  equipped.  If  the  geometry  is  such 
that  the  instrument  has  a  linear  scale  as  a  wattmeter,  or  a 
quadratic  scale  as  ammeter  or  voltmeter,  and  if  further  there 
is  a  small  angular  distance  a  below  the  zero  and  a  similar 
distance  above  the  full  scale  mark  which  could  be  used  as 
extensions  of  the  scale,  if  desire^,  with  no  change  in  length 
of  division  as  a  wattmeter,  then  a  bending  of  the  index  by  an 
angle  not  exceeding  a,  either  above  or  below  the  zero,  followed 
by  a  return  of  the  index  to  zero  by  using  the  zero  adjustment, 
will  not  affect  the  accuracy  of  the  instrument.  We  may 
define  the  desired  geometry  for  the  electrodynamic  type 

11.  Bruger,  E.  T.  Z.  vol.  25,  pp.  822-5, 1904,  Phys.  Zs.  vol.  4,  pp.  876-881, 
1903. 
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mathematically  by  saying  that  if  M  is  the  mutual  inductance 
between  the  fixed  coil  and  the  moving  coil  and  d  the  angle 
by  which  the  moving  coil  is  deflected  from  its  position  of  rest, 
then  over  the  whole  length  of  the  scale  and  including  the 
angular  margin  a  at  each  end  of  the  scale,  dM/dd  should 
be  constant.  When  a  wattmeter  has  other  than  a  uniform 
scale"  dM/dd  varies  from  point  to  point.  If  in  such  an  instru- 
ment the  index  be  bent  and  the  zero  error  be  then  corrected  by 
moving  the  spring  abutment,  the  values  of  dM/dd  correspond- 
ing to  10,  20,  .  .  .  divisions  of  the  scale  are  now  different 
from  the  normal,  and  the  instrument  shows  errors  which  may 
be  serious.  The  existence  of  this  source  of  error  has  been 
known"  for  a  number  of  years,  and  its  numerical  magnitude 
for  two  well-known  types  of  instrument  is  shown  by  the 
results  of  tests  recently  made  in  the  writer's  laboratory.  Four 
instruments  were  included,  namely,  a  wattmeter  and  a  volt- 
meter having  nearly  linear  and  quadratic  scales  respectively, 
and  a  wattmeter  and  a  voltmeter  for  which  dM/dd  varied 
considerably  over  the  scale,  giving  large  divisions  at  the 
lower  end  of  the  scale  in  the  wattmeter  and  preventing  the 
usual  widening  of  the  divisions  toward  the  upper  end  of  the 
scale  in  the  voltmeter.  The  scales  are  shown  in  Fig.  2.  Test 
was  made  (a)  with  all  instruments  in  normal  condition;  (b) 
with  pointers  bent  3  mm.  (  =  1.7  to  2  deg.)  below  the  normal 
position;  (c)  6  mm.  ( =  3.4  to  4  deg.)  below  the  normal  position; 
(d)  3  mm.  above  the  normal  position;  (e)  6  mm.  above  the 
normal  position^^  In  each  case  the  points  tested  were  0.2, 
0.4,  0.6,  0.8,  and  1.0  times  the  full-scale  value. 

The  results  for  the  wattmeters  are  shown  in  the  curves  of 
Fig.  3,  from  which  it  will  be  seen  that  the  errors  introduced 

12.  This  assumes  that  the  springs  give  a  counter  torque  which  varies 
directly  as  the  angle  through  which  the  moving  coil  deflects  from  its 
position  of  rest.  While  this  is  not  strictly  true,  it  is  sufficiently  close 
to  the  facts  for  the  purpose  of  the  present  discussion.  For  data  on  the 
variation  of  springs  from  Hooke's  law,  see  Bradshaw,  Elec.  Jour.  vol. 
3.  pp.  390-6,  1906. 

13.  H.  B.  Taylor.  Elec.  Jour,  vol.  2,  pp.  480-1,  1905. 

14.  Actually,  the  pointers  were  not  bent,  but  the  same  result  was 
had  as  would  have  been  g^ven  by  the  process  described.  The  test  was 
made  by  setting  the  pointer  over  marks  3  mm.  and  6  mm.  above  and  below 
each  scale  point  tested,  after  the  pointer  had  been  brought  to  a  rest 
position  3  mm.  or  6  mm.  above  or  below  its  normal  zero  position,  by 
shifting  the  spring  abutment. 
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by  bendibg  the  pointer  3  mm.  are  from  0.0  per  cent  to  1.1  per 
cent  of  the  full-scale  value  for  the  uniform  scale  wattmeter, 
0.0  per  cent  to  2.7  per  cent  for  the  non-uniform.  For  6  mm. 
bending,  the  errors  are  from  0.0  per  cent  to  1.9  per  cent  for  the 
uniform  scale,  and  from  0.0  per  cent  to  6.2  per  cent  for  the  non- 
uniform. The  average  error  (without  re^rd  to  sign)  for  the 
five  scale  points  is  0.25  per  cent  for  3  mm.  bending,  0.45  per 
cent  for  6  mm.  for  the  uniform  scale  wattmeter,  1.1  per  cent 
and  2.45  per  cent  respectively  for  the  non-uniform  scale 
wattmeter.     It  will  be  seen  from  the  curves  that  the  effect 
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READING  IN  TERMS  OF  FUU.  SCALE  VUUE 


Fio.  3— Errorh  Phodlcbd  in  Wattmetbrs  having  Linear  (UNtroRu) 

AND    NON-LINBAR    SCALEB    BT    BENDING    THE    InDBX    AND    ReTUBNINQ    IT 

TO  Zero  bv  the  Zero  Adjuster  or  Equivalent 

of  a  bent  pointer  on  the  accuracy  is  greatest  at  the  highest 
and  lowest  points.  Taking  the  remaining  three  points,  from 
0.4  to  0.8  of  full  scale,  as  the  part  most  generally  used,  the 
average  errors  for  the  two  amounts  of  bending  are  0.1  per  cent 
and  0.15  per  cent  for  the  uniform  scale,  0.8  per  cent  and  1.9 
per  cent  for  the  non-uniform.  These  figures  show  the  super-  ■ 
iority  of  the  uniform  scale  for  wattmeters,  when  the  question 
is  one  of  sustained  accuracy  in  use  under  practical  conditions, 
as  contrasted  with  mere  initial  accuracy.    There  are  advantages 
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for  the  maker  as  well.  The  unifonn  scale  is  easier  to  lay  out 
with  a  given  d^ree  of  accuracy,  and  instruments  with  dM/dO 
constant  will  give  rise  to  fewer  complaints  of  inaccuracies 
developed  in  service. 

Companng  the  results  of  the  braiding  of  the  pointer  in  the 
voltmeters,  shown  graphically  in  Fig.  4,  we  see  that  over  the 
whole  range  from  0.2  to  full  scale  the  errors  caused  by  3  mm. 
and  6  mm.  bending  are  respectively  0.0  per  cent  to  0.6  per  cent 
and  0.1  per  cent  to  1.0  per  cent  of  full-scale  value  for  the  quad- 
ratic scale,  and  0.1  per  cent  to  2.1  per  cmt  and  0.1  per  cent 
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READING  IN  TERMS  OF  FUU  SCALE  VALUE 
'Errors    Produced    in    Voltmbterb    a  a  vino    Qoadbatic 


I  Non-Quadratic  Scales  bt  Bending  the  Index 
TO  Zero  by  the  Zero  Adjustkb  oh  Equivalent 


to  2.8  per  cent  for  the  non-quadratic.  Taking  the  region 
from  0.6  to  0.8  of  full-scale  as  that  most  used,  the  average 
errors  are  0.1  per  cent  and  0.15  per  cent  for  the  quadratic, 
0.2  per  cent  and  0.5  per  cent  for  the  non-quadratic.  Bending 
the  index  in  the  down-scale  direction  with  respect  to  the 
coil  produced  positive  errors  at  the  lowest  scale  point  tested, 
changing  to  negative  at  roughly  onehalf  of  full-scale  value. 
The  converse  is  true  for  bending  up  scale.  These  statements 
apply  to  all  four  of  the  instruments  tested. 

The  voltmeter  and  the  wattmeter  are  two  of  the  most  im- 
portant   electrical    instruments,    the   former  becauae   ol  \\a 
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relation  to  lamp  life  and  efficiency,  the  latter  because  its 
use  in  checking  standard  watthour  meters  directly  affects 
the  revenues.  It  is  the  writer's  opinion  that  in  future  designs 
makers  should  strive  to  realize  the  condition  {dM/dd  =  a 
constant)  which  gives  the  desirable  forms  of  scale. 

(c)  Design  and  Workmanship.  After  choosing  the  proper 
type  of  instrument  and  a  suitable  scale  law,  one  is  still  ver^ 
much  dependent  upon  the  maker's  knowledge,  skill  and 
facilities.  For  example,  poor  design  in  a  d-c.  voltmeter, 
such  as  an  abnormally  large  air  gap,  may  result  in  a  loss  of 
accuracy  during  service.  Even  with  good  design,  the  import- 
ant  questions  of  quality  of  materials  and  workmanship  still 
remain;  for  example,  one  must  have  good  magnet  steel,  prop- 
erly heat  treated,  magnetized,  and  aged,  in  order  to  ensure 
a  degree  of  permanency  which  will  give  satisfactory  service. 
Such  matters  can  best  be  judged  by  the  general  performance 
of  a  given  maker's  line  over  a  period  of  years,  and  even  if  instru- 
ment makers  were  to  adopt  the  radical  suggestion  recently 
made"  concerning  electric  motors,  and  all  build  to  the  same 
designs,  so  that  all  makes  of  instruments  of  a  given  type 
and  size  would  be  interchangeable,  much  room  for  competition 
could  still  exist  on  the  questions  of  quality,  price,  and  sus- 
tained accuracy. 

(d)  Proper  Installation.  Electrical  instruments  and  meters 
have  very  small  operating  forces  as  compared  with  gas  and 
water  meters,  for  example,  and  their  parts  are  necessarily 
relatively  delicate  and  carefully  made.  It  is  therefore  essen- 
tial that  they  should  be  carefully  handled  before  and  during 
installation  in  order  to  avoid  damage  to  pivots  and  jewels. 
Instruments  and  meters  should  not  be  mounted  on  switch- 
boards until  all  other  work  on  the  board  is  completed,  in  order 
to  avoid  shocks  caused  by  hammering,  drilling,  etc.  They 
should  be  installed  where  they  can  be  easily  read,  and  where 
they  will  not  be  subjected  to  extremes  of  temperature,  vibra- 
tion or  shocks,  strong  stray  magnetic  fields,  or  moisture'. 
If  it  is  impossible  to  avoid  all  of  these,  one  must  expect  more  fre- 
quent repairs  or  replacements,  with  reduced  accuracy  in  service. 

An  important  precaution,  which  is  often  overlooked,  is 
to  have  all  contact  surfaces  clean  and  firmly  brought  together. ' 
Neglect  of  this  precaution  in  the  case  of  contacts  carrying 
large  currents,  as  in  ammeter  shunts,  results  in  exces^^ 

-^ , M4rt- 

16.  Burke,  Elee.  World,  vol.  73.  pp.   172-5,  1919.  rj'fo 
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heating  of  the  shunt  and  consequent  errors.  Also,  particu- 
larly in  the  case  of  millivoltmeters  and  separate-shunt  am- 
meters, bad  contacts  at  the  binding  posts  or  the  shunt  termi- 
nals may  give  rise  to  large  and  variable  errors.  The  leads 
connecting  the  instnmient  and  shunt  are  part  of  the  instru- 
ment, and  may  have  a  resistance  equal  to  5  to  10  per  cent  of 
the  total,  and  any  change  in  their  resistance  directly  affects 
the  accuracy.  The  joints  between  such  leads  and  the  terminals 
in  which  they  end  should  be  carefully  examined  to  see  that 
they  are  securely  soldered.  When  leads  for  portable  milli- 
voltmeters are  in  frequent  use,  some  of  the  strands  are  very 
liable  to  break  and  thus  affect  the  resistance.  Excessive 
errors  have  been  found  by  the  writer  in  separate-shunt  am- 
meters where  the  leads  had  been  repaired  by  the  user,  without 
securing  a  good  joint.  A  bad  joint  is  aggravated  by  the  use 
of  rubber  gum  or  friction  tape,  as  the  sulphur  from  the  tape 
corrodes  the  joint  siu^aces,  giving  bad  contact. 

(e)  Maintenance  and  Testing.  It  is  difficult  to  lay  down 
general  rules  for  the  frequency  with  which  instruments  should 
be  checked,  as  a  great  deal  depends  on  the  nature  of  the 
service.  The  following  table,  summarized  from  the  Elec- 
trical Meterman's  Handbook,  is  presumably  the  result  of  the 
experience  of  some  of  the  largest  central  station  companies: 

Name  of  Instrument  How  Often  Checked 

Standard  Cell  Interoompare  weekly,  and  one  to 

standardizing  laboratory  semi- 
annually. 

Resistance  Standard  Check  working  standards  against 

reference  standards  at  least  semi- 
annually. Latter  to  standardiz- 
ing laboratory  at  least  once  every 
two  years. 

Potentiometer  Once  a  year. 

Volt  Box  Once  a  month. 

Secondary  Standard  Compare  with  primary  standards 

Deflection  Instruments  at  least  once  every  two  weeks. 

Working  Standard  Every  two  weeks. 

Deflection  Instruments 

Portable  Watthour  Meters  Direct-current,    at    least    once    a 

("rotating  standards*')  week;   alternating-current,  at  least 

once  in  two  weeks. 
Stop  Watches.  Daily. 

Calibrated  Resistances 
(used  in  meter  testing)  Weekly. 
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The  preceding  table  does  not  include  switchboard  instru- 
ments, for  which  no  data  on  frequency  of  checking  is  avail- 
able, to  the  writer's  knowledge. 

Users  of  musical  instruments  realize  that  they  must  be 
tuned  occasionally  if  they  are  to  give  satisfactory  results, 
and  also  that  some  types,  such  as  the  violin,  require  very 
frequent  tuning  as  compared  with  others.  Users  of  electrical 
instruments  should  realize  that  these  also  need  occasionally 
to  be  brought  into  accord  with  standards,  and  that  this  should 
be  done  more  frequently  when  the  service  they  render  is  more 
exacting;  or  important. 

4.  Accuracy  Guarantees 

It  is  the  practise  of  most  American  makers  to  publish  either 
in  their  catalogues  or  on  certificates  accompanjdng  the  indivi- 
dual instruments,  statements  or  guarantees  of  the  accuracy  of 
their  product.  The  accuracy  is  usually  expressed  as  a  per- 
centage of  full  scale  value,  and  this  method  would  seem  to  be 
quite  suitable  with  the  possible  exception  of  switchboard  volt- 
meters, frequency  meters,  ammeters  for  constant-current  cir- 
cuits, or  other  instruments  for  measuring  a  quantity  which  in 
practise  is  held  at  a  constant  value.  The  advantage  of  allowing 
a  greater  error  outside  of  the  working  range  in  the  latter  class 
of  instruments  is  that  the  maker  can  give  high  accuracy  over 
the  limited  working  range  at  a  lower  cost. 

Instruments  with  non-uniform  scales,  such  as  a-c.  voltmeters, 
have  a  part  of  the  scale  near  the  zero  which  is  practically 
useless.  For  such  cases,  the  guarantee  should  state  to  what 
part  of  the  scale  the  stated  accuracy  applies. 

The  British  specification  requires  a  certain  percentage  ac- 
curacy from  full  scale  down  to  half  scale,  and  a  fixed  percentage 
of  full  scale  value  below  this  point. 

The  wording  of  the  guarantees  of  American  makers  varies 
considerably  in  definiteness  even  between  different  instruments 
of  the  same  maker.  Thus:  one  maker  referring  to  9-inch 
switchboard  instruments  states  that  'The  d-c.  instruments 
are  accurate  to  within  1  per  cent  of  full  scale  value  under  all 
normal  working  conditions,"  while  for  similar  a-c.  instruments 
he  writes  "The  indications  of  all  (a-c.)  instruments  are  guar- 
anteed to  be  correct  within  1  per  cent  of  full  scale  value  when 
used  on  circuits  of  any  frequency  from  15  to  140  cycles,  irres- 
pective of  any  wave  form,  power  factor  or  temperature  likdy 
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to  be  encountered  in  commercial  practise/'  Other  makers 
avoid  definite  statements  and  use  such  general  expressions  as 

" instruments  are  accurate  to  a  high  degree.    They  may 

be  used  on  circuits  of  any  frequency,  wave  form  or  power  factor 
and  are  free  from  heating  errors,"  or  in  the  words  of  another 
maker  "These  instruments  will  be  found  of  particular  value 
as  reference  standards  in  laboratories,  or  in  any  place  where 
it  is  desirable  to  check  portable  or  switchboard  instruments 
with  standards  of  absolute  accuracy." 

While  the  question  of  specifjring  the  accuracy  of  an  instru- 
ment presents  some  complications,  it  is  easily  seen  that  the 
accuracy  of  instrument  transformers,  especially  of  current 
transformers,  is  still  more  difficult  to  cover  in  any  simple 
manner.  The  following  is  a  typical  form  of  guarantee  of  one 
maker  for  voltage  transformers: 

Are  designed  to  have  their  actual  ratio  exactly  equal  to  their  marked 
or  nominal  ratio  for  a  secondary  load  of  25  volt-amperes  (which  is  the 
load  resulting  when  practically  the  maker's  entire  line  of  switchboard 
instruments  is  connected  to  the  secondary),  but  are  normally  built  for  a 
secondary  capacity  of  50  volt-amperes  ♦  ♦  ♦  For  any  load  from  no  load 
to  full  load,  the  actual  ratio  will  not  differ  from  the  nominal  ratio  by 
more  than  1  per  cent  for  either  inductive  or  noninductive  loads. 

It  is  suggested  that  if  makers  would  each  publish  curves 
of  ratio  and  phase  angle  for  their  current  transformers  on  at 
least  two  standard  secondary  burdens,  comparison  of  the  differ- 
ent makes  as  to  suitability  for  a  given  service  could  more 
readily  be  made. 

Examination  of  the  catalogues  of  several  American  makers 
shows  the  following  accuracy  statements  or  guarantees  ex- 
pressed in  per  cent  of  full  scale  value:  Switchboard  instru- 
ments, 2  per  cent  in  three-inch  and  five-inch  diameter,  1 
per  cent  for  seven-inch  and  nine  inch;  medium  grade  d-c. 
portable  instruments  0.5  per  cent;  standard  d-c.  portable  in- 
struments, 0.2  per  cent;  standard  portable  electrodynamic  in- 
struments, 0.25  to  0.4  per  cent  for  single-phase,  0.5  per  cent 
for  polyphase;  portable  moving-iron  instruments,  0.5  per  cent; 
portable  induction  ammeters,  0.5  to  1  per  cent;  laboratory 
standard  instruments,  0.1  to  0.2  per  cent.  Instrument  trans- 
former accuracies  are  given  as  from  0.5  to  2  per  cent  on  stated 
loads. 

5.  Effect  of  Conditions  of  Use  on  Accuracy 

(a)  IrUroductory.  All  instruments  are  to  some  extent  sus- 
ceptible to  the  influence  of  surrounding  coivd\t\oi\a,  ^sa^  V 
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varying  temperature,  stray  magnetic  fields,  electrostatic  effects, 
etc.  Some  conditions  may  affect  the  accuracy  seriously  al- 
though no  permanent  change  takes  place  in  the  instnmient, 
which  may  show  the  same  performance  when  checked  in  the 
laboratory  before  and  after  use,  while  other  conditions  may 
permanently  injure  the  instrument.  It  is  therefore  important 
for  the  user  of  instruments  to  understand  their  operating 
principles,  the  location  of  their  magnets  and  coils,  whether 
they  are  magnetically  shielded,  etc.,  as  only  with  such  knowl- 
edge can  he  most  effectively  locate  and  protect  the  instru- 
ments so  as  to  secure  the  best  obtainable  accuracy. 

In  discussing  the  effects  of  conditions  of  use  on  accuracy, 
watthour  meters  are  separately  treated  in  section  11. 

(b)  Care  in  Handling.  Because  of  their  necessarily  small 
operating  forces  and  delicate  moving  parts,  electrical  instru- 
ments and  meters  should  be  handled  very  carefully  if  sustained 
accuracy  is  to  be  expected.  If  they  are  to  be  shipped,  they 
should  be  carefully  packed.  Indicating  instruments,  which 
have  relatively  sharp  pivots,  require  more  care  in  handling 
than  a-c.  watthour  meters,  which  have  rounded  pivots.  While 
the  preceding  statements  may  seem  trite  to  many,  it  is  re- 
markable in  how  many  ways  the  facts  are  overlooked  by  those 
who  deal  with  instruments.  Property  clerks,  unless  restrained, 
will  stamp  nimibers  on  instruments,  and  even  experienced 
laboratory  men  will  hammer  on  a  bench  upon  which  are  pivoted 
instruments,  or  use  instruments  directly  on  tables  which  are 
set  in  strong  vibration  by  motors  or  other  machines.  If  in- 
struments must  be  used  where  such  vibration  exists,  they  should 
be  set  on  pads  of  felt  or  folded  cloth.  It  has  been  suggested^* 
that  the  shelves  on  which  instruments  are  stored  should  be 
provided  with  a  thick  felt  covering,  and  that  this  will  improve 
the  service  accuracy  and  reduce  repair  bills. 

(c)  Overloads.  Instruments  subjected  to  overloads  may 
have  their  accuracy  impaired  or  destroyed.  Some  of  the  forms 
of  damage  which  may  result  from  overloads  are:  burning  out 
of  windings,  bending  of  pointers,  alteration  of  value  of  resistors 
or  shunts,  annealing  and  deforming  of  springs,  change  in  shape 
of  moving  coils  and  consequent  lack  of  balance  of  the  moving 
system.  Some  of  these,  such  as  deformation  or  annealing  of 
springs,  can  usually  be  discovered  by  inspection,  while  others 

16.  F.  P.  Cox,  Elec.  Rev,  (N.  Y.),  vol.  52,  p.  589:   1908. 
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may  require  tests.  Wattmeters  are  especially  liable  to  be 
damaged  because  they  have  not  only  a  watt  limit  but  also 
limits  of  current  and  of  voltage.  With  low  power  factors, 
the  attempt  to  get  a  good  reading  may  result  in  overloading 
the  current  or  voltage  coil. 

To  avoid  overloads  when  using  portable  instruments,  it  is 
advisable  to  lay  out  the  work  carefully  in  advance,  calculating 
the  approximate  values  of  current,  voltage  or  power.  When 
instruments  have  more  than  one  range,  it  is  advisable  to  try 
the  highest  range  first,  as  there  will  then  be  the  least  risk  of 
damage  if  an  abnormal  condition  exists.  All  lines  and  con- 
nections should  be  run  and  secured  in  such  a  way  as  to  avoid 
accidental  contacts  which  may  produce  short-cu-cuit  currents 
through  the  instruments.  Leads  attached  to  instruments 
should  not  be  allowed  to  hang  over  the  edge  of  the  bench,  as 
this  is  liable  to  result  in  dragging  the  instrument  off  onto  the 
floor. 

Instruments  which  have  been  overloaded  should  be  put  under 
suspicion  of  inaccuracy,  and  should  be  checked  before  further 
use.  Switchboard  instruments  should  be  made  on  more  sub- 
stantial lines  than  portable  or  laboratory  instruments,  as 
exposure  to  momentary  overload  is  unavoidable. 

Permanent-magnet  moving-coil  instruments  may  suffer 
magnetic  damage  by  exposure  to  strong  fields,  such  as  those 
set  up  by  short  circuits.  This  damage  leaves  no  mark,  and 
should  be  guarded  against  by  proper  location  of  the  instruments. 

(d)  Fraction  of  the  Scale  Used.  It  is  not  possible  for  the 
maker  to  locate  each  mark  on  the  scale  where  it  should  be; 
also,  the  user  must  estimate  the  position  of  the  pointer  between 
scale  divisions.  Since  the  combined  error  amounts  roughly 
to  a  constant  angular  displacement,  it  will  introduce  a  relative 
error  into  the  result  which  increases  as  the  deflection  diminishes. 
For  this  reason,  it  is  desirable  to  use  as  large  a  part  of  the  full 
deflection  as  is  practicable.  In  the  use  of  portable  instruments 
this  question  may  be  decided  from  the  requirements  at  the 
moment  and  the  ranges  available.  In  choosing  switchboard 
instruments,  however,  one  must  be  governed  also  by  the 
unusual  requirements  which  may  arise.  On  railway  circuits 
where  heavy  overloads  are  encountered,  and  where  the  meas- 
urement of  light  loads  is  of  minor  importance,  it  is  necessary 
to  have  instruments  of  larger  capacity  than  would  be  used,  for 
example,  on  lighting  feeders.    Wherever  accuracy  is  esa^xA^al^ 
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however,  as  in  the  testing  of  meters,  or  plant  acceptance  tests, 
ranges  should  be  such  as  give  not  less  than  half  and  preferably 
two-thirds  of  full  scale  deflection. 

An  important  limitation  to  the  foregoing  statement  is  that 
in  some  cases  the  power  required  to  operate  instruments  of 
lower  range  may  occasion  errors  in  other  parts  of  the  measuring 
apparatus  which  may  be  difficult  to  allow  for.  For  example, 
if  a  one-ampere  ammeter  is  used  with  a  current  transformer  in 
order  to  get  larger  deflections  for  currents  below  one  ampere, 
it  should  be  remembered  that  such  an  ammeter  has  about  25 
times  the  impedance  of  a  five-ampere  ammeter  of  the  same 
type  and  make,  and  that  the  increase  in  impedance  may  affect 
the  performance  of  the  current  transformer  so  as  to  make  the 
observed  results  less  accurate  than  if  a  five-ampere  ammeter 
had  been  used.  Another  instance  is  that  of  low-range  a-c. 
voltmeters,  which  are  of  low  resistance.  There  may  be  cases 
where  the  current  they  take  from  the  soiu-ce  will  introduce 
errors  of  more  significance  than  the  reading  error  which  would 
occiu*  if  a  voltmeter  of  greater  range  were  used. 

(e)  Variation  of  Room  Temperature.  The  net  effect  of  a 
change  of  room  temperature  upon  the  reading  of  an  instrument 
is  the  resultant  of  a  nimiber  of  changes,  some  of  which  tend  to 
annul  each  other,  and  others,  such  as  those  caused  by  change 
of  dimensions  of  the  parts,  are  of  negligible  effect.  It  is  de- 
sirable that  the  user  should  know  the  general  facts  about 
this  matter  in  order  that  errors  may  be  avoided  or  minimized 
when  tests  are  of  necessity  made  under  abnormal  temperatures. 

In  a  direct-current  voltmeter,  an  increase  of  temperature  of 
1  deg.  cent,  produces  the  following  effects:  The  strength  of 
the  spring  is  reduced  0.04  per  cent;  the  magnetic  flux  density 
in  the  air  gap  is  reduced  by  about  0.02  per  cent".  The  weak- 
ening of  the  spring  tends  to  increase  the  reading,  and  the  Iowot- 
ing  of  the  flux  density  tends  to  reduce  it.  Hence  for  a  given 
current  through  the  coil,  the  effect  of  1  deg.  cent,  rise  of  tem- 
perature is  to  increase  the  reading  by  0.02  per  cent.  However, 
the  moving  coil  is  of  copper,  and  its  resistance  increases  0.4 
per  cent  per  degree  C,  thus  tending  to  reduce  the  reading  for  a 
given  applied  voltage.  If  we  add  to  the  copper  coil  a  resistance 
which  is  19  times  as  great  as  that  of  the  coil  and  is  imaffected 
by  temperature,  the  resistance  of  the  whole  circuit  will  increase 

17.  This  is  an  average  of  the  values  found  for  six  instruments  of  three 
makers.  The  individual  values  ranged  from  —  0.01  to  —  0.03  per  oeat. 
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0.02  per  cent  per  degree  cent.  A  voltmeter  so  made  will 
therefore  be  compensated  for  temperatiire.  If  less  than  the 
above  amount  of  added  resistance  be  used,  as  may  be  the 
case  for  low  ranges,  the  reading  of  the  instrument  on  a  given 
voltage  will  decrease  as  the  temperature  rises,  while  if  more 
added  resistance  is  used  the  reading  will  increase.^. 
'  In  a  direct-current  ammeter  of  the  shunted  type  the  efifects 
on  magnet  and  springs  are  as  above  stated,  but  there  are 
some  limitations  not  found  in  the  voltmeter.  For  example, 
it  is  not  feasible,  in  general,  to  add  to  the  moving  coil  a  series 
resistance  19  times  that  of  the  coil  because  such  a  construc- 
tion would  require  too  large  a  drop  of  potential  between  the 
shunt  terminals,  thus  increasing  the  size,  weight,  and  cost 
of  the  shunt  and  also  the  power  loss  in  it.  In  practise,  it  is 
usual  to  make  shunts  of  relatively  low  drop  (50  to  75  milli- 
volts) for  switchboard  use,  where  temperature  compensation 
is  not  of  particular  importance,  while  for  portable  instruments 
of  greater  acciu'acy  drops  from  100  to  200  millivolts  are 
commonly  used.  It  might  appear  that  the  anuneter  of  low 
drop  might  be  compensated  for  temperature  by  making  the 
shunt  of  a  material  which  increases  in  resistance  with  tem- 
perature at  such  a  rate  as  to  supply  the  higher  drop  which  the 
millivoltmeter  requires  for  a  given  deflection.  Such  a  pro- 
cediu'e  is  not  feasible  because  of  the  relatively  large  difference 
in  the  temperatures  of  the  millivoltmeter  and  the  shunt 
when  the  latter  is  carrying  a  load.  It  is  the  usual  custom  to 
make  the  shunts  of  an  alloy  ^*  having  a  negligible  temperature 
coefficient,  and  to  minimize  the  temperature  effect  on  the 
millivoltmeter  by  reducing  the  relative  drop  on  the  copper 
coil  as  much  as  is  consistent  with  good  design  in  other  respects. 
The  important  thing  for  the  user  to  remember  is  that  the  tem- 
perature errors  of  d-c.  switchboard  ammeters,  while  not  of 
serious  consequence  for  switchboard  purposes,  are  such  as  to 
make  them  unsuitable  for  accurate  work,  such  as  the  testing 
of  watthour  meters  or  acceptance  tests  of  apparatus,  unless 

18.  This  assumes  the  average  value  of  —0.02  per  cent  for  the  temperature 
coefficient  of  the  magnetic  field.  If  exact  compensation  must  be  assured, 
the  individual  instrument  must  be  investigated.  The  average  value, 
however,  gives  results  satisfying  all  but  extreme  requirements. 

19.  It  is  becoming  general  practise  to  use  manganin,  or  similar  alloy, 
for  both  portable  and  switchboard  ammeter  shunts.  In  some  oases 
where  a  lower  grade  of  performance  is  admissible,  and  first  cost  is  im- 
portant, switchboard  ammeter  shunts  are  made  of  cast  iron. 
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the  temperature  of  the  instrument  is  determined  and  proper 
allowance  is  made  for  it.  It  is  preferable  for  such  work  to 
use  instruments  whose  temperature  corrections  are  smaU.  • 
In  the  moving-iron  ammeter  an  increase  of  temperature 
affects  the  magnetic  conditions  in  the  iron  in  such  a  way  as 
to  decrease  the  operating  torque  by  about  the  same  percentage 
that  it  reduces  the  spring  strength.  These  ammeters  are 
thus  very  nearly  independent  of  temperature  changes.'®  The 
temperatiu'e  coefficient  of  a  moving-iron  voltmeter  thus  de- 
pends mainly  upon  the  temperature  coefficient  of  resistance 
of  its  circuit,  which  depends  on  the  ratio  of  the  resistance  of 
the  copper  coil  to  that  of  the  manganin  or  similar  alloy  in 
series  with  the  copper.  For  example,  a  well-known  American 
portable  moving-iron  voltmeter  having  ranges  of  150  and 
300  volts  has  a  total  resistance  of  5100  ohms,  of  which  130 
■*•  ohms  are  in  the  copper  coil.  Neglecting  the  effect  of  tempera- 
ture change  upon  the  series  resistor,  the  effect  of  a  rise  of 
temperature  of  10  deg.  cent,    would  be  to  make  the  voltmeter 

130 
read  lower  by  10  X  fttjq  X  0.4  per  cent,  or  about  0.1  per 

cent.    This  applies  to  the  300-volt  range.    For  the  150-volt 
range  the  corresponding  effect  would  be  0.2  per  cent. 

In  an  electrodynamic  ammeter  with  spring  control  and  with 
the  fixed  coil  and  the  moving  coil  in  series,  the  only  appre- 
ciable effect  of  temperature  on  the  readings  is  that  caused  by 
the  change  in  the  strength  of  the  springs,  which  is  0.04  per 
cent  per  degree  cent.  For  any  given  position  of  the  coils, 
the  operating  torque  varies  as  the  square  pf  the  current; 
the  scale,  however,  is  marked  to  read  the  first  power  of  the 
currfent.  Such  an  ammeter  will  therefore  read  0.02  per  cent 
higher  on  a  given  current  for  each  degree  cent,  rise  of  tempera- 
ture.  An  electrodynamic  voltmeter  is  simply  a  low-range 
ammeter  as  just  described,  plus  a  series  resistor  of  suitable 
value.  If  this  has  19  times  the  resistance  of  the  copper, 
the  temperature  coefficient  of  resistance  of  the  instrument 
will  be  0.02  per  cent  per  degree  cent,  and  will  just  offset  the 
effect  of  temperature  changes  on  the  spring  strength.  The 
instrument  will  be  compensated  for  temperature  as  a  volt- 
meter. 

20.  This  statement  is  based  on  the  experience  of  the  Bureau  of  Standards 
with  several  instruments  of  each  of  two  prominent  American  makenu 
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In  an  electrodynamic  wattmeter  a  similar  condition  exists, 
but  since  the  torque  is  proportional  to  the  first  power  of  the 
quantity  indicated  on  the  scale,  the  effect  of  the  spring  change 
with  temperature  (0.04  per  cent  per  degree  cent.)  enters  un- 
changed. If  the  resistance  of  the  voltage  circuit  remained 
unchanged  as  the  temperature  varied,  the  wattmeter  would 
read  0.04  per  cent  higher  per  degree  cent,  of  temperature 
rise.  This  requires,  for  compensation,  that  a  series  resistor 
of  negligible  temperature  coefficient  be  used,  having  nine 
times  the  resistance  of  the  copper.  Commercial  wattmeters 
often  have  more  than  enough  added  resistance  for  tempera- 
ture compensation,  and  would  actually  be  better  in  this  respect 
if  a  part  of  the  added  resistance  were  of  copper.  Attention 
is  called  to  this  matter  because  the  effect  of  temperature  on 
the  spring  strength  has  been  frequently  overlooked,  and  in 
consequence  the  statement  has  been  made  that  as  much 
series  resistance  as  possible  should  be  used  in  order  to  minimize 
the  temperature  error.  If  copper  be  added  to  the  potential 
circuit  to  minimize  the  temperature  coefficient,  it  should 
be  in  the  form  of  fine  wire  or  strip  wound  on  a  thin  card,  so 
as  to  respond  quickly  to  temperature  changes,  and  it  should 
be  mounted  as  near  the  springs  as  practicable.  It  is  of  theor- 
etical advantage,  at  least,  to  have  both  springs  above  the 
moving  coil  so  that  the  ascending  current  of  warm  air  from 
the  coils  will  maintain  the  springs  at  nearly  the  temperature 
of  the  moving  coils. 

For  induction  instruments  no  general  statement  concerning 
temperature  effects  can  be  given.  In  simple  instruments  on 
this  principle  the  effect  of  temperature  may  be  rather  large. 
In  the  form  made  by  an  American  maker  on  the  "series-trans- 
former" principle  it  is  stated  that  approximate  independence 
of  temperature  changes  is  inherent  in  the  design  of  anmieters 
and  voltmeters.  Induction  wattmeters  (now  made  only 
for  switchboard  use)  have  an  inherent  temperature  error 
which  has  been  reduced  by  the  use  of  a  rotor  of  special  alloy 
instead  of  aluminum.  It  is  not  practicable  to  secure  com- 
plete compensation  in  this  way  without  reducing  the  operat- 
ing torque  to  an  objectionably  low  value. 

In  the  hot-wire  instrument  a  change  of  room  temperature 
changes  the  length  of  the  working  wire,  and  also  changes  the 
distance  between  the  supports  of  the  ends  of  the  wire.  If 
the  base  plate  supporting  the  wire  be  made  of  material  having 
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the  same  coefficient  of  expansion  as  the  wire,  the  instrument 
will  theoretically  be  compensated  for  room  temperature 
changes.  However,  the  wire  takes  up  the  temperature  of 
its  surroundings  very  quickly,  but  the  base  plate  doesXnot, 
so  that  a  considerable  lag  effect  occurs.  In  the  best  modem 
hot-wire  instruments  the  performance  in  this  and  in  other 
redpects  has  been  improved  by  substituting  platinum-iridium 
for  the  platinum-silver  so  long  used  for  the  working^wire. 
The  platinum-iridium  has  a  much  smaller  coefficient  of  ex- 
pansion, but  may  be  operated  at  a  much  higher  temperature. 

While  the  use  of  the  hot-wire  instrument  is  limited  to 
laboratory  and  radio  purposes,  it  may  be  well  to  point  out 
that  it  is  subject  to  an  external  condition  which  does  not 
affect  other  electrical  measuring  instruments,  namely,  varia- 
tion in  the  atmospheric  pressure.  While  the  subject  has  not 
been  studied  with  any  degree  of  thoroughness,  some  experi- 
ments made  seven  years  ago  by  the  writer,  using  a  Hartmann 
and  Braim  hot-wire  voltmeter,  showed  that  a  reduction  of 
air  pressure  from  75.2  cm.  to  55.9  cm.  (29.6  to  22.0  inches) 
increased  the  reading  on  a  given  voltage  by  2.7  per  cent.  For 
intermediate  values  of  pressure,  the  change  in  the  reading 
was  directly  proportional  to  the  change  of  pressure. 

(/)  Self-Heating  of  Instruments.  In  the  preceding  dis- 
cussion of  effects  of  room  temperature  it  has  been  assumed 
that  temperatures  within  the  instrument  were  uniform  throu^- 
out.  Most  instruments  contain  sources  of  heat  in  the  form 
of  coils  traversed  by  currents,  and  it  is  therefore  possible 
for  differences  of  temperature  to  be  set  up  while  the  instrument 
is  in  circuit.    This  affects  the  accuracy  of  the  results  obtained. 

In  d-c.  millivoltmeters  the  heating  of  the  coil  is  entirdy 
negligible.  In  d-c.  voltmeters  of  moderate  range  it  is  small. 
For  example,  the  power  expended  in  a  150-volt  d-c.  voltmeter 
of  15,000  ohms  resistance  at  full  scale  deflection  is  1.5  watts. 
Since  this  is  nearly  all  expended  in  the  series  resistor,  the 
effect  on  the  accuracy  should  be  very  small. 

In  a-c.  voltmeters  and  the  voltage  circuits  of  wattmeters 
the  resistance  for  a  given  voltage  is  much  lower  than  in  d-c. 
instruments,  and  the  rate  of  heat  liberation  is  much  greater. 
It  is  good  practise  to  partition  off  and  ventilate  the  series 
resistor,  in  which  nearly  all  the  heat  is  liberated.  In  switch- 
board instruments  the  series  resistor  is  often  supplied  in  a 
separate  case  for  back  of  board  mounting. 
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Direct-current  ammeters  with  separate  shunts,  being  essen- 
tially millivoltmeters,  have  negligible  internal  heating,  but 
may  have  errors  caused  by  the  heating  of  the  shunts.  This 
may  occasion  appreciable  errors  if  the  resistance  material 
used  in  the  shunts  has  an  appreciable  temperature  coefficient 
or  thermoelectric  force  against  the  material  of  which  the  shunt 
blocks  are  made.  The  copper-nickel  resistance  material 
variously  known  as  constantan,  la  la,  advance,  eureka,  and 
ideal  has  a  very  small  temperature  coefficient  of  resistance, 
and  would  be  very  well  adapted  for  ammeter  shunts  if  it  were 
not  for  its  high  thermoelectric  power  which  makes  it  imsuit- 
able  for  the  purpose.^^    Manganin  meets  both  requirements. 

A  considerable  part  of  the  heat  produced  in  switchboard 
ammeter  shunts  is  carried  away  by  conduction  to  the  cables 
or  bus  bars,  from  which  it  escapes  by  radiation  and  convection. 
Even  if  the  opportunity  for  escape  of  heat  is  the  same  at  each 
end  of  the  shunt,  there  will  still  be  a  difference  of  temperature 
between  them.  This  is  caused  by  the  flow  of  current  through 
a  circuit  made  of  dissimilar  metals,  and  is  known  as  the 
Peltier  effect.  It  causes  a  thermal  electromotive  force  in  such 
a  direction  as  to  increase  the  reading  of  the  ammeter.  In 
cases  of  unequal  heating  of  the  ends  of  the  shunt,  caused 
by  bad  contacts  or  by  difference  in  the  size  of  bus  bars,  the 
resultant  thermal  electromotive  force  may  either  increase  or 
decrease  the  reading  of  the  ammeter.  Thermal  electro- 
motive force  may  be  detected  by  breaking  the  main  circuit, 
when  the  index  will  fail  to  return  to  zero  if  appreciable  thermal 
electromotive  force  is  present.  This  effect  may  be  distin- 
guished from  zero  shift  (due  to  spring  fatigue)  by  disconnecting 
one  lead  from  the  instrument,  when  the  position  of  the  index 
will  change  by  an  amount  proportional  to  the  thermal  electro- 
motive force. 

The  use  of  copper  bus  bar  as  an  ammeter  shunt  is  no  longer 
recommended,  and  the  same  is  true  of  the  use  of  internal 
copper  shunts  in  self-contained  d-c.  ammeters,  except  for  small 
ranges  where  the  heating  is  small.  In  the  latter  case  the  effect 
of  room  temperature  on  the  shunt  and  on  the  copper  moving 
coil  is  the  same,  and  no  error  results.  Such  construction  is 
not  advisable  for  currents  exceeding  say  15  amperes. 

21.  For  the  construction  of  coils  of  high  resistance,  such  as  series  resis- 
tors and  multipliers  for  voltmeters,  constantan  has  some  advantages 
over  manganin. 
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In  the  moving-iron  ammeter  the  power  loss  (in  good  designs) 
is  small,  and  the  effect  of  temperature  changes  is  small.  In 
the  moving-iron  voltmeter  the  conditions  are  somewhat  less 
favorable,  as  the  heating  of  the  copper  coil  increases  the  re- 
sistance of  the  circuit. 

Electrothermic  instruments,  including  the  expansion  (hot- 
wire) and  the  thermocouple  types,  are  unique  in  that  their 
operation  depends  on  internal  heating.  The  effect  of  this 
heating  in  hot-wire  instruments  has  been  referred  to.  No 
published  data  seems  to  be  available  on  the  limitations  of 
thermocouple  instruments,  such  as  effect  of  varying  room 
temperatiu^  and  of  standing  in  circuit. 

(jf)  Stray  Magnetic  Fields,  Unidirectional  stray  fields 
are  set  up  by  conductors  carrying  direct  currents,  by  perma- 
nent magnets,  and  by  direct-current  electromagnets.  The 
strength  of  the  field,  upon  which  depends  the  magnitude  of 
any  error  produced  by  it  in  the  indications  of  an  instrument, 
varies  directly  as  the  strength  of  current  in  the  conductor  and 
decreases  with  the  distance  from  the  conductor  to  the  given 
point.  Thus  the  necessity  for  precaution  increases  as  currents 
are  greater  and  as  the  instrument  is  located  nearer  to  the 
conductor. 

It  is  important  to  remember  that  the  magnets  used  in  direct- 
current  instruments  of  the  usual  unshielded  types  set  up  a 
strong  stray  field  which  is  capable  of  appreciably  affecting  the 
accuracy  of  other  instruments  near  by.  Conductors  canying 
moderate  or  large  currents  to  the  instruments  set  up  stray 
fields  which  may  occasion  errors.  The  iron  framework  of 
switchboards,  magnetized  by  large  currents  in  bus  bars,  may 
set  up  strong  stray  fields  at  a  considerable  distance  from  the 
bus  bars.  Even  unmagnetized  masses  of  iron  placed  too 
near  some  types  of  instrument  will  affect  the  working  field 
of  the  instrument  and  thus  introduce  errors.  The  iron  pipe 
framework  of  testing  benches  has  given  rise  to  disturbances 
of  this  kind. 

Unidirectional  stray  field  affects  the  accuracy  of  the  perma- 
nent-magnet moving-coil,  the  moving-iron,  and  the  electro- 
dynamic    types    of    instruments.22    The    first-named    type, 

22.  McCollum  has  suggested  that  the  hot-wire  instrument  would 
theoretically  be  affected  by  stray  magnetic  field  of  the  same  frequenoy 
as  that  of  the  current  in  the  wire.  This  effect  can  be  observed,  but 
would  be  very  small  in  most  practical  cases. 
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because  of  its  large  value  of  working  field  strength,  is  in  general 
less  affected  by  a  given  value  of  stray  field  than  the  other 
two.  The  smallness  of  the  air  gap  is  also  an  important  feature, 
and  of  two  otherwise  similar  direct-current  instruments,  the 
one  having  the  smaller  air  gap  will  be  less  affected. 
The  following  table  is  given  by  Farmer:*' 

EFFECT  OF  STRAY  MAGNETIC  FIELDS  ON  D'ARSONVAL  TYPE  VOLT- 
METERS 


Stray  field,  lines  per  cm.* 

Error  at  f  of  full-scale  deflection,  per  cent 

Shielded 

Unshielded 

5 
10 
15 
20 

0.5     to  1.0 
0.75  to  1.75 
1.0     to  3.0 
1.25  to  3.25 

2 

3.5  to     5.5 
6.0  to     7.5 
7.5  to  10 

Moving-iron  instruments  are  affected  by  unidirectional 
stray  field,  even  when  operating  on  a-c.  circuits.  Moving- 
iron  instruments  on  the  repulsion  principle  are  stated  to  be 
considerably  more  affected  by  stray  field  than  those  on  the 
attraction  principle.**  Electrodynamic  instruments  are  af- 
fected by  unidirectional  stray  field  only  when  they  are  used 
on  direct-current  circuits.  This  is  in  contrast  to  the  moving- 
iron  instrument,  which  is  affected  by  either  unidirectional 
or  alternating  stray  fields  when  used  on  either  d-c.  or  a-c, 
circuits. 

Alternating  magnetic  fields  are  set  up  by  alternating  currents 
in  conductors,  by  a-c.  electromagnets,  transformers,  etc. 
In  general,  such  fields  are  not  liable  to  attain  the  values  which 
occur  with  direct  current,  on  account  of  the  larger  values  of 
voltage  and  hence  smaller  currents  for  the  same  power  in 
a-c.  plants. 

Alternating  magnetic  fields  affect  the  readings  of  permanent- 
magnet  moving-coil  instruments  only  when  the  field  strength 
is  great  enough  to  reduce  permanently  the  strength  of  the 

23.  F.  M.  Farmer,  Electrical  Measurements  in  Practise,  p.  54. 

24.  In  a  test  of  nine  moving-iron  ammeters,  reported  in  Electrician, 
vol.  76,  pp.  120-123,  1915,  the  stray  field  was  set  up  by  two  conductors 
located  six  inches  away  from  the  instrument,  each  carrying  2000  amperes. 
The  change  of  reading  due  to  stray  field  was  0.4,  1.5,  and  1.9  per  cent  in 
the  three  attraction-type  ammeters,  and  3.5,  7.4, 12.3,  9.4,  6.8,  and  5.7 
per  cent  in  the  six  of  the  repubion-type. 
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magnet.^  Other  types,  including  moving-iron,  dectnxlynamic 
and  induction  instruments,  have  their  accuracy  affected  only 
during  the  time  of  exposiu^  to  the  field.  Moving-iron  instru- 
ments used  on  a  circuit  of  a  given  frequency  are  affected  by 
alternating  fields  of  this  or  any  other  frequency,  or  by  uni- 
directional fields.  Electrodynamic  instruments,  however,  are 
affected  only  by  fields  of  the  same  frequency  as  that  of  the 
circuit  on  which  they  are  used,  with  the  further  restriction 
that  the  effect  depends  on  the  direction  and  time-phase  of  the 
field  with  respect  to  the  current  in  the  moving  coil.  That 
is,  with  the  moving  coil  in  a  given  position,  there  is  a  direction 
of  the  stray  field  in  which  no  torque  is  produced  on  the  coil; 
also,  for  any  position  of  the  coil  there  will  be  no  torque  if 
the  stray  field  is  in  time-quadrature  with  the  current  in  the 
coil.  It  is  stated**  that  the  stray-field  error  in  unshielded  non- 
astatic  electrodynamic  wattmeters  may  be  as  much  as  26 
per  cent  with  an  a-c.  field  of  five  lines  per  cm.*,  and  75  per 
cent  with  ten  lines,  and  that  a  suitable  shield  will  reduce  the 
effect  of  a  field  of  20  lines  per  cm.*  to  practically  zero  without 
introducing  eddy  current  or  other  errors. 

If  the  stray  field  is  of  constant  direction,  it  will  be  possible 
to  turn  an  unshielded  electrodynamic  wattmeter  into  such 
a  position  that  no  deflection  occurs  when  voltage  only  is 
applied.  If  the  position  of  the  index  is  noted,  and  the  instru- 
ment is  then  used  to  measure  power,  no  error  from  stray  field 
will  occur  if  the  wattmeter  is  turned  so  that  the  index  points 
along  the  given  direction. 

Induction  instruments,  because  of  their  strong  working  fields, 
are  only  slightly  affected  by  stray  fields  of  the  values  found 
in  practise. 

To  avoid  errors  due  to  stray  field,  we  may  (1)  keep  instru- 
ments at  a  sufficient  distance  from  heavy  conductors  or  other 
sources  of  the  disturbance;  (2)  eliminate  the  effect  of  stray 
field  by  reversing  the  connections  to  the  instrument  or  by 
turning  the  instrument  through  180  deg.  between  readings, 

25.  An  extreme  ease  of  this  kind  is  given  by  E.  P.  Peck,  (Elec.  World, 
51,  p.  1220;  1908)  in  which  a  d-c.  voltmeter  was  connected  to  a600-volt 
circuit  and  placed  within  18  inches  of  heavy  bus  bars.  After  a  severe 
short-circuit,  which  caused  very  large  alternating  currents  to  flow  throu^ 
these  bars,  the  voltmeter  read  350  volts  when  the  applied  voltage  was  600. 
It  should  be  noted  that  damage  to  an  instrument  of  this  nature  leaves 
no  external  mark. 

26.  F.  M.  Farmer,  Electrical  Measurements  in  Practise,  p.  159. 
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taking  the  mean  as  the  correct  value;  (3)  construct  the  instru- 
ment so  as  to  be  astatic  as  to  other  than  its  own  working 
field;  (4)  surround  the  working  parts  with  a  magnetic  shield. 
In  the  most  careful  work  it  is  well  to  make  use  of  more  than  one 
of  these  methods,  if  practicable.  These  precautions  will 
now  be  briefly  considered  in  detail. 

Opinions  differ  somewhat  as  to  the  separation  necessary 
between  permanent-magnet  moving-coil  instruments  in  order 
to  avoid  error  from  interaction."  Since  it  is  often  necessary 
to  assemble  a  number  of  instruments  in  a  relatively  small 
space,  it  is  important  to  know  just  how  far  to  separate  them 
in  order  to  secure  a  desired  degree  of  accuracy.  For  this 
reason  some  experiments  were  made  recently  in  the  writer's 
laboratory  on  permanent-magnet  moving-coil  instruments. 
The  results  are  given  in  the  curves  of  Fig.  5.  In  obtaining 
data  for  these  curves  the  instrument  L  at  the  left  was  tested 
at  two  points  by  a  potentiometer  while  other  instruments 
were  removed  from  its  vicinity.  The  readings  so  given  were 
taken  as  the  normal  or  "zero  error"  values.  Another  instru- 
ment (an  unshielded  standard  portable  voltmeter)  was  then 
placed  alongside  the  first,  and  successively  at  various  distances 
to  the  right,  the  tests  of  the  first  instrument  being  repeated 
for  each  position  of  the  distiu'bing  instrument.  The  curves 
show  the  error  in  per  cent  as  a  function  of  the  distance  in  inches 
between  the  centers  of  the  moving  coils. 

With  unshielded  instruments  side  by  side,  (condition  1) 
the  error  is  0.8  per  cent,  and  in  the  worst  position,  with  pole- 
pieces  adjacent,  it  is  2.0  per  cent.  As  the  disturbing  instru- 
ment is  moved  away  the  error  drops  until  it  becomes  practi- 
cally zero  when  the  centers  of  the  coils  are  about  20  inches 

28.  F.  P.  Cox  states  (Elec.  Review,  N.  Y.,  53,  pp.  589-591,  1908)  that, 
"Normal  earth's  field  introduces  an  error  of  about  0.1  per  cent  in  un- 
shielded instruments,  and  such  instruments  should  not  be  used  nearer 
together  than  18  inches.     If  placed  side  by  side  these  instruments  react 
on  each  other  and  an  error  of  1  per  cent  may  very  readily  be  introduced." 

H.  B.  Taylor  (Elec.  Jour.,  2,  pp.  474-481,  1905)  says, 

"A  space  of  from  two  to  three  feet  may  be  taken  as  a  safe  distance  to 
allow  between  direct-current  meters  of  the  ordinary  portable  type. 
When  space  is  very  limited,  two  instruments  can  often  be  brought  closer 
together  without  causing  trouble,  by  placing  one  of  them  with  its  scale 
inverted  with  respect  to  the  other,  so  that  the  neutral  parts  of  the  magnets 
are  nearest  to  each  other  and  the  pole  pieces  are  as  far  apart  as  possible". 
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apart.  The  same  distance  applies  to  conditions  2  and  3. 
For  the  iron-cased  instruments,  curves  4  and  5  show  that  the 
m|^«ini"m  error  with  instruments  as  close  together  as  possible 
is  much  less  than  in  the  unshielded  instrument,  and  drops 
to  a  negligible  value  with  a  separation  of  the  coil  centers  of 
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about  eight  inches.  It  is  usually  recommended  that  when 
portable  instruments  must  be  used  in  places  subject  to  stray 
magnetic  helds  the  mean  of  two  readings  be  taken,  the  instru- 
ment being  turned  180  deg.  about  the  axis  of  rotation  of  the 
moving  element  for  the  second  reading.  In  the  case  of  un- 
shielded moving-iron  and  electrodynamic  instruments  it  is 
probably  better  to  leave  the  instrument  in  one  position 
and  take  the  mean  of  two  readings,  the  current  through  the 
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instrument  being  reversed  for  the  second  reading.  Instru- 
ments of  these  types  should  not  be  used  for  d-c.  measure- 
ments if  permanent-magnet  moving-coil  instruments  are  avail- 
able. 

To  avoid  the  effects  of  stray  fields,  astatic  instruments  are 
made  by  combining  two  operating  systems  on  a  single  axis. 
For  example,  two  permanent-magnet  moving-coil  systems 
are  used,  with  the  moving  elements  coupled  to  add  their 
torques  and  with  the  two  magnets  arranged  to  have  opposite 
polarities.  Another  astatic  arrangement  consists  of  two 
moving-iron  systems,  the  polarities  of  the  two  solenoids  being 
opposite.^  Astatic  electrodynamic  instruments  have  been 
made,  but  have  not  come  into  any  extended  use,  probably 
because  of  the  adoption  of  magnetic  shielding  by  the  lead- 
ing American  makers.  It  should  be  noted  that  "astatic'' 
instruments  are  strictly  astatic  only  for  fields  which  are  uni- 
form over  the  space  occupied  by  the  coils,  or  for  non-uniform 
fields  which  may  happen  to  produce  the  same  torque  on  each 
coil.  The  field  about  a  conductor  carrying  a  current  is  not 
uniform,  but  decreases  inversely  as  the  distance  from  the 
conductor.  If  an  astatic  instrument  is  placed  near  the  con- 
ductor, one  coil  of  the  astatic  system  may  be  so  much  closer 
to  the  conductor  than  the  other  as  to  give  an  appreciably 
greater  torque  on  the  nearer  coil,  and  hence  an  error  will 
be  caused  by  the  stray  field.  In  using  astatic  instruments 
the  same  precautions  should  be  taken  as  for  simple  instruments, 
if  the  maximum  possible  accuracy  is  desired. 

A  special  form  of  permanent-magnet  moving-coil  instru- 
ment^^ has  been  developed  to  reduce  to  a  minimum  the  dis- 
turbing effect  produced  by  the  stray  field  from  a  vertical 
bus  bar,  since  such  vertical  bars  are  the  most  frequent  source 
of  trouble.  This  is  accomplished  by  placing  the  magnet  so 
that  the  lines  of  force  of  the  stray  field  run  through  the  steel 
from  side  to  side  of  the  bar,  rather  than  along  its  length.  It 
is  stated  that  even  very  strong  stray  fields,  which  would 
demagnetize  the  magnets  of  instruments  as  ordinarily  made, 
will  produce  little  or  no  effect  when  they  pass  through  the 

29.  Edgcumbe,  Industrial  Electrical  Measuring  Instruments,  2d  edition, 
p.  142. 

30.  P.  MacGahan,  Nat.  Elec.  Lt.  Assoo.,  j36th  Convention,  Hyd.-Elee. 
&  Trans.,  Technical,  pp.  602-604,  1913. 
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sted  at  right  angles  to  the  direction  of  the  permanent  nmgnet 
flux,  even  if  the  instrument  is  entirely  imshielded.  It  is  also 
stated,  in  the  same  connection,  that  even  heavy  shielding  will 
not  prevent  demagnetization  when  short-circuits  occur  in 
nearby  conductors  on  large  power  systems. 

Connections  to  ammeters  and  the  current  terminals  of 
wattmeters  and  watthour  meters  should  be  run  as  close  to- 
gether as  practicable  in  order  to  avoid  forming  a  loop.  This 
precaution  is  not  important  for  small  ciurents,  but  for  a  given 
design  (constant  ampere-turns  for  all  ranges)  the  effect  of 
stray  field  at  the  operating  system,  caused  by  the  current 
in  a  loop  of  given  form  and  size,  increases  directly  as  the  ampere 
range.  This  may  be  seen  from  the  fact  that  the  current 
coils  of  large  range  instruments  have  only  a  few  turns,  so  that 
even  one  turn  in  a  nearby  loop  will  have  an  appreciable  effect 
on  the  readings. 

It  seems  to  be  the  consensus  of  opinion  of  American  makers 
that  electrodynamic  voltmeters,  ammeters  and  wattmeters 
should  be  protected  from  stray  field  by  a  laminated  iron 
shield.  In  one  moderate  priced  type  this  shield  is  open  at 
top  and  bottom,  but  in  the  highest  grade  instruments  the 
shield  completely  surrounds  the  operating  system  except  for 
a  limited  opening  at  the  top.  In  one  make  the  laminated 
shield  is  surroimded  by  a  drawn  steel  shield,  and  in  the  poly- 
phase wattmeter  the  shielding  of  the  two  systems  from  external 
disturbances  is  supplemented  by  a  laminated  iron  shield 
between  the  two  systems  to  prevent  interaction.  At  least 
two  companies  supply  shielded  portable  moving-iron  ammeters. 
In  checking  shielded  electrodynamic  instruments  on  direct 
current  it  is  necessary  to  take  readings  with  the  ciurent  first 
in  one  direction,  then  reversed,  the  mean  being  taken  as  the 
normal  value.  The  necessity  for  this  procedure  in  unshielded 
instruments  is  caused  by  the  interaction  of  the  earth's  (or 
local)  magnetic  field  with  the  current  in  the  moving  coil,  and 
in  the  shielded  instrument  it  is  due  to  a  slight  residual  polarity 
in  the  shield. 

Stray  magnetic  fields  may  be  detected  and  their  intensity 
determined  by  using  an  unshielded  electrodynamic  wattmeter 
with  only  the  voltage  circuit  energized,  or  an  electrodynamic 
voltmeter  with  its  fixed  coils  cut  out  of  circuit.  The  excita- 
tion should  be  from  a  d-c.  source  for  unidirectional  field,  and 
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from  an  a-c.  source  of  the  proper  frequency  for  alternating 
field.  In  either  case  the  instrument  must  be  oriented  until 
the  deflection  is  a  maximum,  and  in  the  a-c.  case,  the  phase 
of  the  exciting  current  must  be  adjusted  for  maximimi  de- 
flection. To  calibrate  the  apparatus,  the  experiment  may 
be  repeated  with  the  moving  coil  at  the  center  of  a  coil  of  few 
turns  of  large  diameter  (say  two  or  three  feet  radius.)  The 
field  intensity  over  the  space  occupied  by  the  moving  coil 
may  be  taken  as  constant,  and  is  given  with  sufficient  accuracy 
by  the  formula 

„       0.2  T  NI        0.63  NI 

r  r  ^  ^ 

where  N  is  the  number  of  turns  in  the  coil,  I  the  current  in 
amperes,  r  the  radius  of  the  coil  in  centimeters.  If  the  radius 
is  expressed  in  inches,  the  constant  becomes  0.25  instead  of  0.63. 
The  formula  assumes  that  the  cross  section  of  the  coil  is  small 
compared  with  the  radius.  In  the  a-c.  case,  H  and  I  are 
effective  values.  The  voltage  used  in  calibrating  the  instru- 
ment should  be  the  same  as  that  used  in  measuring  the  stray 
field,  or  if  not,  an  allowance  must  be  made. 

(h)  Electrostatic  Effects.  Electrostatic  attraction  or  re- 
pulsion of  the  moving  system  of  an  instrument  may  seriously 
affect  its  accuracy.  This  effect  is  most  pronounced  in  instru- 
ments of  relatively  low  torque,  such  as  electrodynamic  instru- 
ments, portable  and  some  forms  of  switchboard  moving-iron 
instruments,  and  in  permanent-magnet  moving-coil  instru- 
ments, especially  those  having  long  pointers.  It  is  possible 
with  many  of  these  instruments  to  cause  the  index  to  move 
one-fourth  of  the  way  up  scale  by  rubbing  the  cover  glass 
with  a  dry  cloth.  This  should  be  avoided  when  readings  are 
about  to  be  taken,  or,  if  necessary  to  clean  the  glass,  the 
charge  on  the  glass  should  be  dissipated  by  breathing  on  it. 

In  the  use  of  an  electrodynamic  wattmeter,  it  is  very  im- 
portant to  make  the  connections  so  that  the  fixed  coil  and 
the  moving  coil  are  at  nearly  the  same  potentials.  With 
improper  connections,  errors  may  arise  from  electrostatic 
action  between  the  coils,  and  there  is  also  danger  of  break- 
down of  the  insulation.  This  danger  is  especially  great  when 
a  multiplier  is  improperly  used  with  a  wattmeter  to  extend 
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the  voltage  range.  It  is  suggested  that  the  manufacturers 
might  well  agree  on  a  standard  method  of  marking  the  ter- 
minals of  wattmeters  and  that  more  stress  should  be  laid  by 
the  maker  on  the  matter  of  proper  connections,  which  are 
in  nearly  all  cases  discussed  in  instructions  separate  from  the 
instruments.  The  fundamental  principle  of  correct  connec- 
tion as  regards  the  two  coils  might  well  be  briefly  set  forth 
in  the  calibration  card  attached  to  the  instrument. 

Another  condition  which  may  occasion  error  from  electro- 
static action  is  the  testing  of  a  wattmeter  on  separate  sources 
of  current  and  voltage,  or  in  its  use  with  ciurent  and  voltage 
transformers.  In  the  latter  case,  the  grounded  side  of  the 
secondary  circuit  of  the  voltage  transformer  should  nm  di- 
rectly to  the  moving  coil,  in  order  that  the  latter  may  be  at 
the  same  potential  as  the  current  coil.  In  testing  the  watt- 
meter on  separate  d-c.  sources,  some  writers  reconmiend 
joining  the  two  coils  at  the  instrument  terminals.  As  this 
may  cause  trouble  if  the  circuits  are  accidentally  connected 
elsewhere,  the  writer  prefers  to  join  the  two  points  to  a  d-c. 
voltmeter  whose  maximum  reading  is  not  less  than  the  voltage 
used  in  testing  the  wattmeter.  The  index  of  this  voltmeter 
should  remain  at  zero.  If  a  deflection  occurs,  leakages  or 
accidental  contacts  are  present  in  the  test  circuits  or  the  sources. 
Another  method  suggested  is  to  make  the  connection  between 
the  coils  through  a  piece  of  fine  fuse  wire. 

Another  class  of  electrostatic  trouble  has  been  noted  in 
voltmeters  of  relatively  high  range  with  metal  covers,  namely, 
electrostatic  action  between  the  pointer  and  the  insulated 
cover."  This  action  has  been  noted  in  voltmeters  of  750-volts 
range,  and  is  greater  in  instnmients  with  long  pointers.  The 
pointer  is  at  the  potential  of  the  moving  coil,  which  in  railway 
systems  with  groimded  negative  would  be  500  volts  or  more 
above  earth,  since  the  moving  coil  (in  one  well-known  make 
at  least)  is  connected  to  the  +  terminal  of  the  instrument. 
The  potential  of  the  metal  cover  is  not  definite,  but  depends 
on  circumstances  as  to  leakage  from  the  instrument  circuits 
to  the  cover  and  the  insulation  of  the  latter  from  groimd. 
It  is  evident  that  in  general  the  potential  will  be  lower  than 
that  of  the  pointer,  and  the  cover  may  even  be  at  earth  poten- 

31.  P.  M.  Farmer,  Electrical  Measurements  in  Practise,  p.  54. 
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tial,  thus  placing  full  line  potential  between  cover  and  pointer, 
and  making  very  appreciable  errors.  This  diflBculty  has  been 
noted  in  testing  such  voltmeters  at  the  Bureau  of  Standards, 
and  the  method  of  avoiding  it  is  to  connect  the  cover  to  the 
+  binding  post  during  the  test.  Since  the  makers  have  not 
yet  adopted  means  for  avoiding  the  diflBculty,  so  far  as  the 
writer  is  aware,  and  since  the  user  is  very  liable  to  encounter 
it,  attention  is  here  called  to  it.  A  remedy  would  be  to  con- 
nect the  cover  to  the  moving  coil,  but  this  would  be  objection- 
able because  of  the  possibility  of  accidental  contact  between 
the  cover  and  other  conductors  or  the  operator.  One  possible 
remedy  would  consist  in  lining  the  cover  with  insulating 
material  within  which  would  be  a  lining  of  thin  foil  or  sheet 
metal  which  would  be  connected  to  the  moving  coil  and  to  the 
magnet  system  and  scale  plate.  Where  the  voltmeter  is  to 
be  connected  to  grounded  circuits,  the  same  result  could  be 
attained  by  connecting  the  cover  to  the  moving  coil  and  to  the 
grounded  side  of  the  circuit,  using  a  built-in  reversing  switch 
with  the  moving  coil  to  bring  the  deflection  up  scale  regardless 
of  which  pole  of  the  circuit  is  grounded.  The  latter  method 
requires  circumspection  on  the  part  of  the  user,  and  from 
this  standpoint  is  not  as  good  as  the 'former. 

Use  has  been  made  of  a  conducting  lining  in  wattmeters 
and  other  instruments  having  hard  rubber  tops,  but  so  far 
as  the  writer  is  aware  no  such  precaution  has  been  adopted 
for  direct-current  instruments. 

Electrostatic  fields  from  high-voltage  conductors  in  the 
vicinity  of  instruments  are  theoretically  capable  of  aflfecting 
the  indications  of  the  instruments  imless  the  latter  are  either 
in  metal  cases  or  in  glass  cases  lined  with  a  grid  of  conducting 
material  suitably  connected  to  the  movement.  This  eflfect 
seems  imlikely  to  occur  in  practise  because  of  the  necessity 
of  keeping  high-voltage  conductors  at  a  distance  from  observers. 
It  will  be  greatest  in  electrostatic  instruments**  because  of 
their  low  torque  and  the  fact  that  the  operation  of  the  instru- 
ment depends  on  electrostatic  forces.  The  trouble  can  be 
avoided  by  suitable  screening. 

Electrostatic  diflBculties  may  occur  in  the  use  of  reflecting 
galvanometers,  due  to  differences  of  potential  between  the 

32.  K.  Edgcumbe,  Industrial  Electrical  Measuring  Instruments,  2d. 
ed.y  p.   186. 
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moving  coil  and  the  magnet  system  and  the  case.  Both 
the  latter  should  be  connected  to  one  terminal  of  the  coil  and 

well  insulated  from  the  support  on  which  the  galvanometer 
is  placed. 

(i)  Variation  of  Frequency,  Wave  Form  and  Power  Factor* 
The  effect  of  ordinary  variations  of  frequency  from  the  normal 
value  is  negligible  in  moving-iron,  electrodynamic,  and  elec- 
trothermic  instruments.  The  effect  on  induction  instruments, 
unless  carefully  designed  and  compensated,  is  much  greater. 
Even  the  most  carefully  compensated  induction  instruments 
must  be  used  within  a  rather  narrow  range  of  frequency,  espe- 
cially wattmeters.  Induction  wattmeters  may  be  compensa- 
ted for  moderate  variations  of  frequency  at  imity  power 
factor,  or  for  large  variations  of  power  factor  at  normal  fre- 
quency, but  will  show  appreciable  errors  if  both  frequency 
and  power  factor  differ  from  normal  and  from  unity  respectivdy. 

Variations  of  wave  form  from  the  sine  shape,  when  not 
excessive,  produce  very  small  effects  on  electrodynamic  in- 
struments and  no  effect  on  electrothermic  instruments.  The 
effect  on  moving-iron  ammeters  depends  on  the  magnetic 
quality  of  the  iron  and  the  flux  density  at  which  it  is  worked. 
If  the  permeability  is  practically  constant  throughout  the 
working  range,  the  torque  will  always  be  proportional  to  the 
square  of  the  current,  which  is  the  condition  to  be  fulfilled  if 
the  instrument  is  to  indicate  the  effective  value  of  the  cur- 
rent. As  the  iron  approaches  saturation  the  torque  tends  to 
vary  as  the  first  power  of  the  current,  which  makes  the  instru- 
ment tend  to  indicate  the  average  value  of  the  current  rather 
than  the  effective  value.  It  will  be  seen  that  the  quality  of  the 
iron  and  the  correctness  of  the  design  have  much  to  do  with 
the  proper  functioning  of  moving-iron  instruments,  and  it 
is  doubtless  due  to  the  lack  of  these  essential  conditions  that 
early  forms  of  moving-iron  instruments  functioned  badly  on 
change  of  wave  form  and  in  other  respects,  and  thus  created 
a  prejudice  against  the  type  which  perhaps  is  not  yet  entirely 
dispelled. 

Induction  instruments,  from  the  principle  of  their  opera- 
tion, are  evidently  subject  to  error  due  to  change  of  wave  form. 
There  seems  to  be  very  little  published  data  on  this  matter. 

(j)    Mechanical  Balance   of  Moving  System.    Unless  the 
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axis  of  rotation  of  the  moving  system  of  an  instrument  is 
exactly  vertical,  any  lack  of  mechanical  balance  will  intro- 
duce a  gravitational  torque  which  will  affect  the  accuracy 
of  the  instnmient.  It  is  partly  for  this  reason  that  laboratory 
instruments  are  made  with  vertical  axis,  and  this  feature  is 
one  of  the  strong  points  of  the  horizontal  edgewise  instrument. 
One  of  the  first  things  to  examine  in  an  instrument  about 
to  be  used  on  important  work  is  the  condition  of  the  moving 
system  as  to  balance.  Rough  usage,  or  severe  overloads, 
or  excessive  heating  from  any  cause,  is  very  apt  to  imbalance 
the  moving  system. 

Switchboard  instruments  may  be  checked  for  balance  by 
turning  them  into  different  positions  about  an  axis  parallel 
to  the  axis  of  rotation  of  the  moving  system.  The  same  test 
is  sometimes  applied  to  portable  instruments,  and  is  satis- 
factory if  approximate  results  are  desired.  For  the  mort 
accurate  balancing  of  portable  instruments  it  is  better  to 
place  the  instrument  in  various  positions  on  a  plane  support 
which  is  inclined  say  10  deg.  to  20  deg.  to  the  horizontal. 
The  difference  between  the  two  procedures  lies  in  the  fact 
that  in  the  latter  method  the  lower  jewel  and  pivot  come  into 
contact  at  more  nearly  the  working  point  of  the  pivot.  When 
the  instrument  is  checked  for  balance  with  axis  horizontal, 
the  point  of  contact  of  pivot  and  jewel  is  different  from  the 
working  point,  thus  changing  the  axis  of  rotation  slightly 
and  giving  an  inaccxuttte  indication  of  balance. 

In  American  instruments  of  the  better  class  the  balancing 
is  effected  by  varying  the  position  of  small  weights  which  are 
adjustable  in  two  directions  at  right  angles.  In  balancing 
such  an  instrument,  place  it  on  a  sloping  support,  first  in  the 
position  which  makes  the  pointer  horizontal,  then  in  another 
which  is  at  right  angles  to  the  first.  In  the  first  position,  any 
imbalance  which  appears  can  be  removed  by  moving  the 
weight  which  is  adjustable  along  the  direction  of  the. pointer, 
and  in  the  second  position  any  imbalance  in  the  line  at  right 
angles  to  the  pointer  may  be  corrected.  If  these  two  adjust- 
ments are  carefully  made,  the  instrument  should  be  in  balance 
when  turned  into  any  position  on  the  sloping  support,  and 
should  therefore  be  in  the  best  possible  balance  for  use  on  a 
nominally  horizontal  support. 

Maintenance  of  balance  in  service  requires  that  the  m 
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system  be  as  rigid  as  is  consistent  with  lightness,  and  that 
the  temperature  shall  not  attain  to  values  at  which  windings 
soften  and  alter  their  shape.  It  is  evident  that  a  given  small 
weight  placed  on  a  moving  system  originally  balanced  will 
be  able  to  produce  less  error  as  the  operating  torque  of  the 
instrument  is  greater.  This  constikites  an  additional  reason 
for  the  use  of  the  highest  practicable  value  of  the  ratio  of 
torque  to  weight. 

6.  Features  of  Design  Affecting  Accuracy 

In  the  following  section  will  be  discussed  certain  features 
of  instrument  design  which  have  a  more  or  less  direct  in- 
fluence on  the  accuracy  of  the  results,  especially  those  features 
which  can  be  checked  by  inspection." 

The  designer  of  electrical  instruments  must  fulfill  commer- 
cial conditions  as  well  as  mechanical  and  electrical  require- 
ments. Cheapness  and  ease  of  manufacture,  assembly  and 
repair,  and  the  ability  to  withstand  a  reasonable  amount 
of  handling  in  shipment,  are  matters  which  can  not  be  dis- 
regarded if  the  product  is  to  meet  competition.  The  writer 
has  endeavored  to  keep  this  fact  in  mind  in  the  present  dis- 
cussion. 

(a)  Shunts  and  Resistors.  These  are  always  sources  of 
heat  when  in  use,  and  provision  should  be  made  for  getting 
rid  of  the  heat  without  raising  the  temperature  of  the  operating 
system  undesirably.  It  is  possible  to  have  shunts  and  resistors 
built  in  with  the  moving  system  with  no  ventilation,  provided 
the  power  lost  in  the  instrument  is  small,  say  only  a  few  watts. 

(6)  Permanent  Magnets.  A  general  principle  applying 
to  the  permanent  magnets  used  in  instruments  and  meters 
is  that  the  magnetic  circuit  should  be  as  nearly  closed  as  possi- 
ble. Since  a  gap  must  exist  in  order  that  the  magnet  may  be 
of  use,  the  practical  question  is  to  set  a  limit  which  shall  give 
a  reasonable  degree  of  permanency,  and  endeavor  to  design 
the  instrument  within  this  limit.    The  following  empirical 

33.  There  is  relatively  little  in  print  on  the  detailed  design  of  eleotrioal 
instruments.  Edgcumbe's "Industrial  Electrical  Measurino;  Instrumentfl/' 
2d  edition,  contains  much  information  on  the  design  of  permanent 
magnets,  springs,  moving  coils,  fixed  coils,  current  transformers,  ets. 
See  also  a  paper  on  "Calculation  of  Moving-Coil  Mf^asuring  Instruments", 
by  P.  Janus,  E.  T.  Z.  28,  pp.  560-3,  1905. 
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relation  was  first  given  by  Hookham.**  If  A  is  the  area  of 
cross  section  of  the  air  gap,  L  the  distance  between  the  pole 
pieces,  a  the  cross  section  of  the  magnet,  and  { the  length  of 
the  magnet  (mean  length  of  the  lines  of  force  in  the  steel) 
then  A/L  should  equal  about  70  times  a /I.  This  ratio  of 
A/L  to  a /I  may  be  called  the  permanency  factor  of  the  mag- 
netic circuit.  Heinrich  and  Bercovitz"  restate  Hookham's 
formula,  but  say  that  the  permanency  factor  should  not  be 
less  than  100.  In  the  usual  construction  of  permanent-magnet 
moving-coil  instruments,  L  is  equal  to  the  sum  of  the  lengths  of 
the  two  air  gaps,  or  in  general,  it  is  the  total  length  of  air  gap. 

The  Hookham  permanency  factor  of  a  magnet  is  a  purely 
geometrical  relation,  and  does  not  take  into  accoimt  other 
matters  which  affect  permanency,  such  as  composition  of 
steel,  heat  treatment,  aging  treatment,  and  flux  density  in  the 
steel.  It  is,  however,  a  useful  guide  in  design  and  in  compi^ng 
tjrpes  of  instrument.  Values  of  this  factor  for  switchboard 
voltmeters,  as  given  by  Heinrich  and  Bercovitz,  range  from 
35  in  poorly  designed  instruments  to  500  in  the  best  ones. 
In  addition  to  the  great  advantage  of  a  higher  permanency, 
the  use  of  a  high  value  of  permanency  factor  also  results  in 
less  stray  flux  from  the  magnet,  more  of  it  being  utilized,  and 
the  instrument  is  also  less  affected  by  the  presence  of  adjacent 
masses  of  iron  or  by  stray  fields. 

(c)  Springs.  The  quality  of  the  springs  used  in  an  elec- 
trical instrument  has  an  important  bearing  on  the  accuracy 
of  the  measurements.  Tempered  steel  springs  as  used  in 
watches  would  be  the  most  desirable  if  they  were  not  magnetic. 
It  is  necessary  to  use  non-magnetic  material,  and  the  one 
which  has  been  most  generally  used  is  phosphor-bronze. 
On  accoimt  of  the  high  resistivity  of  the  latter,  it  is  necessary 
to  employ  other  bronzes  in  millivoltmeters  where  the  re- 
sistance of  the  instrument  must  be  kept  low.  Since  in  general 
the  elastic  properties  are  less  desirable  when  a  large  percentage 
of  copper  is  used,  the  requirements  as  to  low  resistivity  and 
high  elasticity  are  conflicting,  and  a  compromise  must  be  made. 

The  elastic  performance  of  the  spring  will  depend  upon 
its  design,  fpr  any  given  material.  The  thicker  the  spring, 
for  a  given  length  and  angular  deflection,  the  greater  the 

34.  On  Permanent  Magnets,  by  George  Hookham,  Phil,  Mag,,  5th 
Series,  vol.  27,  p.   186;    1889. 

35.  Handbuch  der  Elektrotechnik,  vol.  2,  part  5,  p.  29. 
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stresses  in  the  inner  and  outer  surfaces  of  the  material.  It 
is  stated"  that  the  stress  should  not  exceed  600  kg.  per  cm.» 
for  phosphor-bronze,  ajid  that  for  a  deflection  of  90  deg.  this 
is  equivalent  to  sa3ring  that  the  length  of  the  spring  must 
be  not  less  than  1500  times  its  thickness.  If  this  condition 
is  not  complied  with,  or  if  the  spring  material  is  of  inferior 
quality  for  the  piirpose,  the  instrument  will  show  an  undue 
amount  of  zero  shift,  which  will  reduce  the  accxuttcy  of  the 
measurements. 

Another  kind  of  zero  shift  is  caused  by  the  gradual  imcoil- 
ing  of  the  springs  over  a  period  of  years.  This  effect  is  notice- 
able in  instruments  employing  but  one  spring,  such  as  the 
moving-iron  type.  In  moving-coil  instruments  it  is  customary 
to  use  two  spiral  springs  wound  in  opposite  directions,  so  that 
the  tendency  in  one  spring  to  unwind  would  offset  a  similar 
tendency  in  the  other  spring. 

Zero  adjusters  are  becoming  more  generally  used,  and  are 
very  convenient.  As  ordinarily  made,  however,  the  range 
of  adjustment  is  far  greater  than  that  necessary  to  correct 
for  the  slight  amount  of  zero  shift  likely  to  occur  in  the  reason- 
able use  of  the  instrument.  This  excess  of  range  of  adjustment 
introduces  the  liability  of  error,  since  the  zero  adjuster  may  be 
used  to  bring  a  bent  pointer  back  to  zero,  thus  introducing 
errors  over  the  whole  scale  which  in  some  types  may  be  objec- 
tionably large.  While  it  might  be  some  additional  trouble 
for  the  maker,  the  service  accuracy  and  reliability  would  be 
improved  by  limiting  the  range  of  zero  adjustment  to  a  small 
amount,  say  not  over  1  deg.  or  2  deg.  of  arc. 
.  A  permanent  shift  of  zero  in  an  instrument  with  a  uniform 
scale  can  be  corrected  for,  but  transient  zero  shift  occurring 
during  the  use  or  test  of  an  instrument  can  not  be  accurately 
allowed  for  because  it  is  not  possible  to  know  the  effective 
zero  position  corresponding  to  given  readings. 

(d)  Ratio  of  Torque  to  Weight  of  Moving  Element.  In 
order  that  the  frictional  error  of  an  instrument  shall  be  kept 
below  the  limit  of  reading,  it  is  necessary  to  have  good  work- 
manship in  the  pivots  and  jewels,  and  also  a  value  of  the  ratio 
of  torque  to  weight  which  is  not  less  than  a  specified  amount 
for  the  given  kind  of  instrument.    Janus^'  gives  the  rule  that 

36.  Edgcumbe,  Industrial  Electrical  Measuring  Instrument8»2d  ed.,  p. 
31. 

37.  Janus,  E.  T,  Z,  vol  .28,  p.  560;   1905. 
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the  quotient  of  the  torque  in  centimeter-grams  divided  by  the 
weight  in  grams  should  not  be  less  than  0.17;  Heinrich  and 
Bercovitz"  give  the  value  0.05.  Both  of  these  cases  refer 
to  a  full-scale  deflection  of  90  deg.,  and  do  not  specify  any 
particular  class  of  service.  A  more  definite  statement**  is 
that  of  Edgcumbe,  namely,  that  the  ratio  of  torque  in  centi- 
meter-grams to  weight  in  grams,  for  90  deg.  deflection,  should 
not  be  less  than  0.05  for  portable  instruments  or  0.10  for  switch- 
board instruments,  the  higher  value  for  the  latter  being  neces- 
sary because  the  axis  is  horizontal,  the  pivots  usually  are 
coarser,  and  the  service  is  more  severe.  For  switchboard 
service  MacGahain^^  considers  that  0.15  is  the  minimmn 
satisfactory  value. 

The  presence  of  frictional  error  or  "sticking"  may  be  ob- 
served by  testing  the  instrument  in  comparison  with  a  suitable 
standard,  bringing  the  instrument  under  test  carefully  to  a 
given  reading  without  overshooting,  first  from  lower,  then 
from  higher  values.  The  difference  between  the  means  of 
sets  of  readings  approached  from  the  two  directions  will 
be  twice  the  frictional  error. 

In  this  country  it  is  more  usual  to  express  theXtorque  of 
electrical  instruments  and  meters  in  millimeter-grams.^^  The 
corresponding  values  of  ratio  of  torque  to  weight  then  become 
ten  times  the  value  above  given. 

It  should  be  noted  that  an  instrument  may  have  a  high 
ratio  of  torque  to  weight  and  still  be  objectionable  because 
the  weight  is  excessive.  In  fact,  it  appears  that  as  the  weight 
on  the  pivots  is  reduced  the  value  of  torque-weight  ratio  may 
be  lower  for  a  given  limit  of  frictional  error. 

The  importance  of  high  torque-weight  ratio  and  light 
weight  of  moving  element  in  watthour  meters  is  now  generally 
recognized,  and  a  statement  of  these  values  is  customary  in 
announcing  new  designs.  The  corresponding  practise  in 
indicating  instnmients  seems  to  be  only  beginning.  ^^ 

38.  Heinrich  and  Beroovitz,  Handbuch  der  ElekiroUchnik,  vol.  2,  part 
5,  p.  14. 

39.  Edgcumbo,  Industrial  Electrical  Measuring  Instruments,  2d  ed., 
p.  32. 

40.  Elec.  Jour.  vol.  8,  p.  1100;    1911. 

41.  The  use  of  the  millimeter-gram  is  required  by  the  A.  I.  E.  E.  Stand- 
ardization Rules   (No.    236). 

42.  A  recent  catalog  issued  by  an  American  maker  gives  values  of 
torque  and  weight  for  direct-current  and  moving-iron  instrumenta. 
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(e)  Damping  Devices.  The  usual  methods  of  damping 
involve  either  eddy  currents  or  fluid  friction.  Eddy-current 
damping  is  the  ideal  method  in  the  permanent-magnet  moving- 
coil  instrument,  and  is  realized  by  winding  the  moving  coil 
on  a  conducting  frame  (usually  of  aluminum)  in  which  eddy 
currents  are  set  up  whenever  the  coil  moves.  Ekidy-current 
damping  is  also  used  in  two  of  the  leading  American  makes 
of  electrodynamic  instruments. 

The  most  commonly  used  fluid-friction  damper  is  the  air 
damper,  which  is  adapted  to  both  switchboard  and  portable 
instruments.  Recording  instruments  with  moving  systemB 
of  large  inertia  require  more  damping  than  can  be  supplied 
by  an  air  damper,  and  oil  damping  is  used.  Another  typical 
case  requiring  oil  damping  is  that  of  the  electrostatic  voltmeter 
with  its  large  moment  of  inertia  and  small  operating  forces. 
The  inconveniences  attending  the  use  of  oil  make  it  undesir- 
able where  one  of  the  other  methods  can  be  used. 

Damping  devices,  if  free  from  static  friction,  as  they  should 
be,  can  affect  the  accuracy  of  measurements  only  indirectly. 
If  the  damping  is  too  small  or  too  large  to  give  critical  motion 
of  the  moving  system,  larger  errors  may  be  made  in  attempting 
to  read  the  momentary  value  of  a  fluctuating  load.  For 
loads  which  fluctuate  very  greatly,  overdamping  is  sometimes 
used  in  order  to  smooth  out  the  fluctuations  and  give  an 
average  value. 

The  one  disadvantage  of  air  damping  is  that  it  requires 
very  small  clearances  between  the  vane  or  piston  and  the 
chamber  in  which  it  moves.  Compared  with  the  eddy- 
current  damper  consisting  of  an  aluminum  vane  moving  be- 
tween the  jaws  of  a  permanent  magnet,  the  air  damper  adds 
less  weight  and  less  moment  of  inertia  to  the  moving  system. 
The  magnet  of  the  eddy-current  damper  introduces  a  stray 
field,  and  is  in  turn  exposed  to  the  demagnetizing  action  of 
the  alternating  current  in  electrodynamic  instruments,  and 
for  this  reason  it  could  hardly  be  used  but  for  the  fact  that 
such  instruments  of  the  better  class  are  now  generally  pro- 
vided with  magnetic  shields  around  the  operating  system. 

(/)  Instrument  Losses.  The  torque  and  torque-weis^t 
ratio  of  some  forms  of  instrument  may  be  increased  by  design- 
ing the  windings  for  greater  current  densities  and  conse- 
quently greater  internal  losses.  This  procedure  is  open  to 
several  objections.    The  increased  losses  cause  greater  temper- 
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ature  differences  within  the  instrument,  and  thus  tend  to 
produce  larger  errors  due  to  self-heating.  They  also  affect 
the  conditions  in  the  circuit.  Increased  losses  imply  greater 
resistance  in  series  windings  and  lower  resistance  in  voltage 
windings.  When  instrument  transformers  are  used,  their 
accuracy  may  not  be  so  good  when  the  instruments  have 
higher  losses.  Finally,  the  margin  of  permissible  overload 
is  cut  down  as  the  losses  are  increased.  In  general,  instru- 
ments should  be  designed  with  the  smallest  losses  compatible 
with  adequate  torque. 

When  using  instnmients  under  conditions  such  that  the 
power  lost  in  the  instruments  needs  to  be  taken  into  accoimt, 
the  connections  should  in  general  be  made  so  that  the  error 
would  be  a  minimum  if  not  allowed  for.**  For  example,  if  the 
power  taken  by  a  100-volt  1-ampere  lamp  is  to  be  measured, 
using  an  ammeter  of  0.1  ohm  resistance  and  a  voltmeter  of 
10,000  ohms  resistance,  we  may  connect  the  voltmeter  either 
around  the  lamp  or  around  both  the  lamp  and  the  ammeter. 
In  the  former  case  the  error  is  1  per  cent,  since  the  ammeter 
reads  the  sum  of  the  lamp  current  and  the  voltmeter  current. 
In  the  second  case  the  voltmeter  reads  the  lamp  voltage  plus 
the  drop  through  the  ammeter,  and  the  error  is  only  0.1  per 
cent.  If  the  voltage  across  the  load  is  small  compared  with 
the  rated  voltage  of  the  instruments,  it  may  be  better  to  put 
the  shunt  instruments  across  the  load  only.  For  example, 
if  the  above  ammeter  and  voltmeter  are  used  to  measure 
the  power  taken  by  a  10-ohm  resistor  on  a  10-volt  circuit, 
the  error  would  be  0.1  per  cent  with  the  voltmeter  connected 
across  the  load,  or  1  per  cent  if  across  both  load  and  ammeter. 
Similar  considerations  hold  for  the  case  of  measurement  of 
small  values  of  power  with  an  uncompensated  wattmeter. 

7.  Effect  of  Details  of  Construction  on  Accuracy 

(a)  Good  Connections.  It  is  of  importance  in  all  instru- 
ments, and  especially  in  millivoltmeters  and  in  instruments 
operated  from  current  transformers,  that  the  electrical  con- 
nections shall  be  well  made  and  capable  of  remaining  so  in 
use.  Binding  posts  should  be  pinned  or  otherwise  secured 
so  that  they  will  not  turn,  and  the  electrical  connection  should 
be  made  independent  of  the  attachment  of  the  post  to  its 
support,  so  that  the  loosening  of  the  post  will  not  introduce 

43.  H.  B.  Taylor,  Elec,  Jour.,  vol.  2,  pp.  474-481;    1905]  ' 
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a  bad  contact.  Neglect  of  this  principle  has  given  rise  to 
inaccuracy  and  uncertain  readings,  not  only  in  instruments, 
but  also  in  current  transformers,  where  a  defective  contact 
affects  the  ratio  and  phase  angle. 

One  of  the  best  methods  of  checking  the  connections  of  an 
instrument  is  to  measure  its  resistance  with  a  Wheatstone 
bridge,  using  one  cell  (or  at  most  only  a  few  cells)  to  supply 
the  current.  Such  a  measurement  of  the  voltage  circuit  of 
a  wattmeter,  for  example,  will  often  reveal  the  existence  of  a 
bad  contact  at  the  key  which  would  not  be  detected  in  the 
ordinary  use  of  the  instrument,  but  which  might  become  bad 
enough  to  introduce  imsuspected  errors  later. 

(6)  Contact  Keys.  These  should  be  made  so  as  to  close 
with  a  slight  wiping  motion  to  keep  the  surfaces  clean.  The 
contact  points  should  be  of  platinum  or  some  other  metal  or 
alloy  suitable  for  the  purpose.  Built-up  keys  having  the 
parts  separated  by  thin  sheets  or  washers  of  insulating  material 
are  more  liable  to  give  trouble  by  leakage  or  insulation  break- 
down between  the  parts  than  keys  in  which  the  metal  parts  are 
independently  carried  by  the  hard  rubber  or  other  insulating 
support. 

(c)  Spring  Abutments.  Instruments  occasionally  develop 
during  shipment  apparent  zero  errors  and  friction,  which  are 
foimd  to  be  caused  by  the  catching  of  one  or  more  turns  of  the 
spring  on  some  projecting  part  of  the  spring  abutment.  The 
latter  should  be  made  in  such  a  way  that  this  cannot  occur. 

(d)  Scales.  Cardboard  scales  often  give  trouble  by  loosen- 
ing, especially  in  moist  climates,  and  they  should  preferably 
be  held  by  screws  or  rivets  in  addition  to  the  usual  cement. 
Buckling  of  the  scale  may  bring  it  near  enough  to  the  needle 
to  introduce  friction. 

8.  The    Measurement   of   Voltage 

(a)  Direct-Current  Circuits,  While  some  other  types  can 
be  used  for  this  service,  the  permanent-magnet  moving-coil 
voltmeter  is  the  acknowledged  standard  except  for  certain 
low-priced  instruments  used  for  testing  dry  cells,  for  which 
the  moving-iron  type  is  used. 

While  there  is  no  theoretical  limit  to  the  maximum  range 
for  which  direct-current  voltmeters  may  be  made,  in  practise 
the  limit  is  set  by  the  high  resistance  of  the  multiplier  and  the 
consequent  large  shunting  effect  of  leakage  paths.  For 
example,  an  ordinary  portable  d-c.  voltmeter  to  measure  up 
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to  15,000  volts  would  require  a  multiplier  of  about  1.5  megohms 
resistance,  and  if  a  leakage  path  occurs,  with  a  resistance 
of  150  megohms,  an  error  of  1  per  cent  will  result.  The 
same  leakage  path  across  the  series  resistor  of  a  150-volt 
instrument  would  produce  an  error  of  only  0.01  per  cent.  By 
subdividing  the  multiplier  and  applying  the  guard-wire  prin- 
ciple to  protect  each  subdivision  from  leakage,  the  error  in 
measuring  the  high  voltage  can  be  reduced  as  much  as  is 
desired,  but  at  the  cost  of  complication,  extra  cost,  and  added 
power  loss.  For  switchboard  use  there  are  on  the  market 
d-c.  voltmeters  with  oil-insulated  series  resistors  up  to  15,000 
volts. 

In  using  high-range  voltmeters,  or  in  checking  them  by 
the  potentiometer  method,  considerable  care  is  necessary  to 
avoid  errors  due  to  electrostatic  action  on  the  index  of  the 
voltmeter  and  to  leakage  currents  through  the  galvanometer 
used  with  the  potentiometer.  It  is  probable  that  many  un- 
suspected errors  occur  in  the  use  of  potentiometers  having 
delicate  reflecting  galvanometers.  This  is  especially  liable 
to  occur  in  humid  weather.  As  an  illustration,  the  results 
of  an  experiment  carried  out  some  years  ago  at  the  Bureau 
of  Standards  may  be  cited.  Two  five-dial  potentiometers 
of  the  high-resistance  type,  with  reflecting  galvanometers, 
were  used  with  volt  boxes  to  measure  the  voltage  of  a 
storage  battery,  which  was  about  500  volts.  One  of  the 
potentiometer  outfits  was  carefully  shielded  by  the  guard- 
wire  method,  the  other  was  used  in  the  ordinary  manner. 
The  shielded  one  gave  very  steady  readings,  as  would 
be  expected,  while  the  other  showed  variations  up  to 
1.5  per  cent,  depending  upon  the  condition  of  the  battery  as 
to  insulation  from  ground.  The  temperature  during  this 
experiment  was  26  deg.  cent,  and  the  relative  hiunidity  90 
per  cent.  By  placing  the  unshielded  potentiometer  and  all 
its  accessories,  including  the  galvanometer,  on  hard  rubber 
blocks,  the  maximum  error  was  reduced  from  1.5  per  cent 
to  0.3  per  cent.  While  this  experiment  was  carried  out  with 
potentiometers,  it  is  evident  that  similar  difiiculties  may  arise 
with  high  range  voltmeters. 

The  lower  limit  of  measurement  with  portable  d-c.  instru- 
ments of  regular  construction  is  about  20  millivolts  (for  full 
scale  deflection)  if  temperature  corrections  are  applied,  or 
200    millivolts    for    instruments    requiring    no    temperature 
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correction.  This  applies  to  instruments  compensated  by  the 
addition  of  resistance  in  series  with  the  moving  coil.  By  the 
use  of  suitable  resistances  in  parallel  and  in  series,  compensated 
instruments  are  made  for  as  low  as  45  millivolts  for  full  scale 
deflection. 

When  a  d-c.  voltmeter  is  connected  to  a  battery  or  other 
source  having  an  appreciable  internal  resistance,  the  reading 
of  the  voltmeter  is  lower  than  the  e.m.f.  of  the  source  by  an 
amount  which  depends  on  the  relative  magnitudes  of  the 
resistance  of  the  source  and  of  the  voltmeter.  If  the  reiustance 
of  the  source  is  unknown,  the  magnitude  of  the  error  is  unknown. 
The  following  method  will  show  whether  such  an  error  exists 
and  will  make  it  possible  to  compute  from  two  readings  the 
true  e.m.f.  of  the  source. 

Connect  the  voltmeter  to  the  two  points  between  which 
the  measurement  is  to  be  made;  let  its  reading  be  denoted 
by  Vi.  Then  shimt  the  voltmeter  by  a  resistance  equal  to 
its  own  resistance;  let  the  corresponding  reading  be  Vt.  If 
the  internal  resistance  of  the  source  be  negligible,  the  two 
readings  will  not  differ.  If  they  differ,  the  e.m.f.  E  of  the 
source  may  be  computed  by  the  formula 

J,  __       V1V2  ,2^ 

This  method  is  not  limited  to  the  simple  case  of  a  source 
with  an  unknown  resistance  in  series,  but  is  quite  general, 
and  may  be  stated  as  follows.  If  A  and  B  are  any  two  points 
on  a  network  of  conductors  containing  unknown  but  constant 
direct  electromotive  forces  and  resistances,  and  if  £?  is  the 
value  of  the  potential  difference  between  A  and  B,  then  the 
use  of  a  d-c.  voltmeter  in  the  manner  above  described  will 
give  the  value  of  E,  In  other  words,  a  voltmeter  used  in  this 
way  will  give  the  same  result  (within  the  limits  of  accuracy 
of  the  method  and  the  instrument)  as  a  null  measurement 
with  a  potentiometer.  This  is  true,  whether  the  voltmeter  be 
connected  directly  to  the  points  A  and  B,  or  through  "pres- 
sure wires"  of  appreciable  resistance. 

The  accuracy  of  this  method  is  greatest  for  values  of  Vi 
nearly  equal  to  yi,  and  decreases  as  the  ratio  y2/yi  becomes 
less.  For  the  case  of  internal  resistance  of  the  source  equal 
to  that  of  the  voltmeter,  Yi  =  2yi/3,  and  an  error  of  0.1 
per  cent  in  Yi  and  Y^  will  cause  errors  of  +0.4  per  cent  and 
—0.3  per  cent  respectively    in  the  calculated  value  of  E. 
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In  using  this  method,  if  V*  differs  from  Vi  by  only  a  small 
amount  A  V,  say  a  few  per  cent,  the  value  of  £7  is  given  well 
enough  by  the  approximate  formula 

£?  =  Vi  +  A  y  (3) 

A  modification^^  of  the  above  method  consists  in  getting 
the  reading  Vi  as  above,  and  then  inserting  a  re&dstance  in 
series  with  the  voltmeter,  equal  to  the  resistance  of  the  volt- 
meter.   The  unknown  e.m.f.  E  may  then  be  found  by  the 

formula  V  V 

E=  ^^i^  (4) 

A  possible  application  of  the  above  method  would  be  to 
avoid  error  in  the  use  of  thermocouple  pyrometers  due  to 
resistance  in  the  leads.  The  temperature  is  measured  by  the 
reading  of  a  millivoltmeter  connected  to  the  couple,  and  the 
reading  for  a  given  temperature  will  vary  with  the  lead  re- 
sistance. By  providing  such  millivoltmeters  with  a  resistance 
which  can  be  connected  in  parallel  by  a  key,  the  two  readings 
may  be  used  to  determine  the  true  electromotive  force  of  the 
couple.  Another  obvious  use  is  for  the  measurement  of  voltage 
at  feeder  ends  by  means  of  pressure  wires  of  appreciable 
resistance. 

With  the  increasing  need  for  accuracy  in  temperature 
measurement  and  control,  methods  have  been  devised  to  elimi- 
nate the  effects  of  lead  resistance.  In  the  instrument  known 
as  the  pyrovolter  the  moving  coil  of  the  millivoltmeter  is 
first  used  as  a  galvanometer  to  indicate  when  the  IR  drop 
through  a  resistance  coil  is  equal  to  the  value  of  the  electromo- 
tive force  E  to  be  measured.  By  pressing  a  key,  the  circuits 
are  then  changed  so  that  the  moving  coil  now  carries  the  cur- 
rent /.  The  scale  is  marked  to  read  the  IR  drop,  and  hence 
the  quantity  to  be  measured.  The  instrument  thus  draws  no 
current  from  the  source,  and  within  limits,  is  equivalent  to 
a  millivoltmeter  of  infinite  resistance;  since  it  therefore  has 
something  in  common  with  the  potentiometer,  it  might  be 
called  a  "potentiometric  millivoltmeter."  There  is  a  limit 
to  the  amount  of  resistance  permissible  in  the  leads,  beyond 
which  the  sensitivity  of  setting  the  IR  drop  to  equality  with 
E  is  impaired,  and  with  it  the  accuracy  of  the  results.  It 
must  also  be  kept  in  mind  that  the  result  depends  directly  upon 
the  constancy  of  magnet  and  springs,  effect  of  local  disturbing 
fields,  etc. 

44.  Suggested  by  Dr.  P.  G.  Agnew. 
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A  more  recent  device  for  the  same  purpose  is  called  the 
''compensated  indicator."  It  consists  of  a  millivoltmeter 
having  a  variable  rheostat  in  series,  also  a  key  by  which  a 
shimt  circuit  may  be  connected  across  the  moving  coil  and  a 
part  of  the  series  resistance  cut  out.  In  operation,  the  vari- 
able rheostat  is  adjusted  until  no  change  in  reading  occurs 
when  the  key  is  depressed.  The  reading  then  gives  the  value 
of  the  electromotive  force  of  the  couple.  The  compensated 
indicator  and  the  pyrovolter  have  other  applications  besides 
in  pyrometry.  They  may  be  used  to  measure  the  potential 
difference  between  two  points  of  a  network,  or  the  electro- 
motive force  of  a  battery,  without  the  necessity  of  allowing 
for  the  current  taken  by  the  instrument,  as  is  necessary  with 
ordinary  indicating  instruments. 

(6)  AUemcUing-Current  Circuits.  For  this  work  the  type 
of  voltmeter  to  be  used  depends  on  the  nature  of  the  service, 
as  previously  discussed.  Voltmeters  are  made  for  direct 
connection  to  a-c.  circuits  up  to  750  volts,  and  in  some  forms 
up  to  2300  volts,  but  the  latter  practise  is  not  recommended. 

The  measurement  of  alternating  voltages  less  than  one 
volt  is  difficult.  A  high-grade  electrodynamic  voltmeter  of 
1-volt  range  has  a  resistance  of  2  ohms,  so  that  it  draws  0.5 
ampere  from  the  source.  If  such  an  instrument  were  re- 
woimd  for  a  maximimi  reading  of  0.25  volt,  it  would  require 
a  current  of  two  amperes,  which  would  be  too  large  to  pass 
through  the  springs.  For  such  a  range,  an  unshimted  hot- 
wire ammeter  of  say  three  to  five  amperes  range  may  be  used, 
but  the  current  taken  from  the  source  is  excessive.  When 
it  is  desired  to  measure  the  current  taken  by  a  load  at  low 
voltages  of  the  order  of  0.25  volt,  the  current  required  by  a 
hot-wire  ammeter  used  as  a  voltmeter  may  introduce  a  serious 
error,  which  may  be  difficult  to  allow  for  when  the  phase 
angles  of  the  load  and  the  voltmeter  are  different.  To  over- 
come this,  the  following  method  may  be  used. 

Fig.  6  shows  a  load  C  for  which  it  is  desired  to  find  the 
current  for  a  given  applied  voltage.  A  is  a  two-range  ammeter 
having  the  terminals  of  the  two  sections  of  the  winding 
accessible.*'^  The  total  current  taken  by  the  load  and  the 
voltmeter  is  passed  through  one  section,  and  the  voltmeter 

45.  Two-range  ammeters  with  links  for  changing  the  range,  and  henoe 
accessible  terminals  of  the  two  parts  of  the  winding,  are  available. 
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current  is  passed  through  the  other  section  in  reverse  direction. 
The  voltmeter  current  thus  cancels  itself  so  far  as  the  reading  of 
the  ammeter  is  concerned.  The  voltmeter  corrections  should 
be  determined  with  the  ammeter  coil  and  the  leads  up  to  the 
points  B  and  D  included  as  a  part  of  the  voltmeter. 

(c)  VoUage  Transformers.  These  are  practically  identical 
with  distributing  transformers  of  small  capacity.  For  moder- 
ate voltages,  no  special  difficulties  are  present  in  their  design, 
such  as  are  encoimtered  in  the  current  transformer.  The 
rated  output  of  the  voltage  transformer  is  made  smaller  than 
the  permissible  output  as  limited  by  heating  considerations, 


in  order  to  limit  the  change  of  voltage  with  change  of  load 
to  a  sufficiently  low  value.  It  is  good  practise  to  choose  the 
winding  ratio  so  that  the  "voltage  ratio"  (ratio  of  primary 
impressed  voltage  to  secondary  terminal  voltage)  will  be 
slightly  below  its  nominal  value  at  no  load  and  above  it  at  full 
load,  so  that  the  ratio  will  be  correct  at  some  intermediate 
load  approximating  average  conditions  of  use. 

The  secondary  terminal  voltage  is  in  general  not  in  exact 
opposition  to  the  primary  voltage,  but  is  displaced  from  it  by 
a  small  angle  which  for  the  lack  of  a  better  term**  is  called 

46.  Strictly  speaking,  the  phase  angle  of  a  voltage  transformer  would 
be  the  angle  180  deg.  it  y,  where  y  is  the  angle  as  defined  above.  In 
the  same  way,  the  phase  angle  of  a  condenser  should  be  defined  as  the 
angle  between  the  impressed  sinusoidal  voltage  and  the  current,  and  is 
nearly  90  deg.  In  practise,  however,  the  "phase  angle"  of  a  condenser 
is  taken  as  the  small  angle  by  which  the  above  differs  from  90  deg.  Vari- 
ous names  have  been  suggested  for  the  small  angle  by  which  a  vector 
quantity  departs  from  its  ideal  position;  for  example,  "angle  of  defect." 
This  is  objectionable  because  it  implies  either  that  the  apparatus  has  a 
defect,  or  that  the  angle  may  be  too  small,  whereas  it  may  be  too  large. 
Since  the  word  "bias"  may  mean  a  swerving  to  one  side  or  another  of 
a  desirable  or  normal  direction,  its  use  in  such  expressions  as  "phase 
bias,"  "bias  angle,"  or  "angle  of  bias"  would  be  etymologically  correct. 
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the  "phase  angle."  This  quantity  however,  does  not  have  to 
be  considered  in  connection  with  the  measurement  of  voltage, 
and  will  be  discussed  under  "Measurement  of  Power." 

The  most  accurate  method  of  determining  the  ratio  and 
phase  angle  of  voltage  transformers  is  one  which  is  practically 
an  a-c.  potentiometer  arrangement.  This  method  has  been 
devised  independently  by  several  workers  in  this  field.*^  It 
consists  in  applying  the  primary  voltage  to  a  high  non-reactive 
resistance  and  in  balancing  the  secondary  voltage  against.the 
drop  over  a  portion  of  this  resistance.  The  ratio  of  the  total 
resistance  to  the  portion  is  equal  to  the  "voltage  ratio."  It 
is  obvious  that  the  method  is  theoretically  an  accurate  one, 
since  resistance  measurements  (particularly  resistance  compari- 
sons) may  be  made  with  great  accuracy.  However,  in  the 
present  case  one  of  the^  resistances  is  quite  large  for  high 
voltages,  so  that  the  insulation  must  be  carefully  maintained, 
and  the  high  resistance  should  preferably  be  divided  into  a 
nimiber  of  sections,  each  protected  by  an  electrostatic  screen 
to  prevent  capacity  currents  from  flowing  between  the  sections 
themselves  and  between  the  sections  and  surrounding  objects. 
At  the  Bureau  of  Standards,  the  testing  of  voltage  transformers 
by  this  method  has  so  far  been  restricted  to  an  upper  limit  of 
30  kilovolts.  The  ratio  of  voltage  transformers  for  voltages 
considerably  above  this  value  cannot  be  measured  as  accurately 
as  is  desirable,  and  it  seems  probable  that  the  ratio  as  fixed  by 
the  ratio  of  turns  may  depart  considerably  from  the  values 
which  would  be  given  by  computation  based  on  the  performance 
of  the  same  iron  core  wound  for  lower  voltages.  The  reason 
is  that  at  high  voltages  there  are  capacity  currents  between 
the  primary  sections  themselves  and  between  sections  and 
other  parts,  such  as  core  and  case.  These  currents  are  super- 
posed on  the  exciting  current  in  the  primary  winding,  and  sdter 
both  ratio  and  phase  angle  in  a  way  which  does  not  at  present 
admit  of  calculation.  The  attempt  has  been  made  to  measure 
the  high  secondary  voltage  of  step-up  transformers  by  a  volt- 
meter connected  to  a  special  low-voltage  winding  (the  so- 

47.  Agnew  and  Fitch,  BvlL  Bur,  of  Standards,  vol.  6,  p.  281.  1909; 
Elec.   World,  vol.  54,  p.   1042,   1909. 

L.  T.  Robinson,  Trans.  A.  I.  E.  E.,  vol.  28,  p.  1005,  1909. 
F.  A.  Laws,  Elec,  World,  vol.  55,  p.  223,  1910. 
Sharp  and  Crawford,  Trans.  A.  I.  E.  E.,  vol.  29,  p.  1517,  1910. 
Agnew  and  Silsbee,  Trans.  A.  I.  E.  E.,  vol.  31,  p.  1635,  1912. 
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called  "test  coil,"  "voltmeter  coil,"  or  "tertiary  coil")  located 
at  the  center  of  the  high-voltage  winding,  and  evidence  is 
adduced  to  show  that  in  certain  cases  good  agreement  was 
obtained  between  two  transformers  equipped  with  voltmeter 
coils.  The  use  of  such  a  coil  will  give  accurate  results,  in 
general,  only  if  the  coil  is  in  every  way  a  representative  sample 
of  the  high-voltage  winding.  It  may  be  possible  to  locate 
the  voltmeter  coil  so  that  the  flux  through  it  is  the  average 
flux  through  the  high-voltage  winding,  but  the  effect  of  capac- 
ity between  coils  can  not  be  readily  cared  for.  Differences 
in  ratio  of  0.6  per  cent  have  been  observed  in  100  kv.  trans- 
formers due  to  these  capacity  effects  and  it  seems  probable  that 
they  may  often  be  larger.  It  seems  evident  that  there  is  a 
great  need  for  means  of  accurately  measuring  high  voltages, 
which  shall  operate  directly  on  the  high  voltage.  Such 
apparatus,  even  if  not  applicable  to  routine  measiu*ements, 
would  be  of  great  value  in  settling  such  questions  as  the  accur- 
acy of  results  obtained  with  the  "voltmeter  coil." 

(d)  Crest  Voltmeters.  With  the  constantly  rising  values 
of  transmission  voltages,  the  insulation  of  transformers  and 
other  high-voltage  apparatus  becomes  more  and  more  import- 
ant. Since  the  evidence  indicates  that  the  breakdown  of 
insulation  is  determined  by  the  crest  value  of  a  voltage  wave, 
rather  than  the  effective  value,  it  is  necessary  to  have  means 
for  measuring  crest  voltages.  This  is  the  more  necessary 
because  distortion  of  the  voltage  wave  is  liable  to  occur  in  the 
testing  of  insulation,  on  accoimt  of  the  electrostatic  capacity 
of  the  load. 

The  needle  gap  has  been  used  for  years  for  measuring  crest 
voltage,  and  the  sphere  gap  is  a  more  recent  apparatus  which 
is  more  reliable  and  better  adapted  to  high  voltages.  The 
needle  gap  is  very  much  affected  by  distortion  of  the  electro- 
static field  caused  by  surroimding  objects,  and  the  sphere 
gap  is  similarly  affected,  though  to  a  smaller  extent. 

Direct-reading  methods  of  measuring  crest  voltage  have 
been  devised,  and  instruments  based  on  some  of  them  are  on 
the  market.  One  of  these^*  uses  hot-cathode  valves  to  rectify 
the  charging  current  of  a  condenser,  with  a  d-c.  instrument 
to  measure  the  current.  This  method  is  correct  only  when 
the  voltage  wave  has  but  one  maximum  and  one  minimiun  per 

48.  L.  W.  Chubb,  Trans.  A.  I.  E.  E.,  vol.  35,  p.  109;   1916. 
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cycle.  Another  form"  is  essentially  an  oscillograph  element 
which  throws  upon  a  screen  a  band  of  light  the  length  of 
which  is  proportional  to  the  peak  voltage.  Of  these  two 
instrmnents,  the  former  is  used  directly  on  the  high^volts^, 
while  the  latter  is  necessarily  connected  to  the  low-volts^ge 
secondary  (or  tertiary)  winding  of  a  transformer,  and  hence 
any  imcertainty  as  to  the  ratio  of  transformation  affects  the 
accxiracy  of  the  result. 

There  is  reason  to  believe  that  the  corona  voltmeter*^  is 
capable  of  giving  accurate  measurements  of  crest  yoltsLge, 
and  that  its  calibration  may  be  computed  from  measured 
dimensions  and  the  electric  strength  of  air  under  given  con- 
ditions of  temperature  and  pressure.  Its  establishment  as 
a  standard  instrument  by  which  other  crest  voltmeters  may 
be  checked  seems  to  depend  only  upon  further  work  in  which 
high  voltages  shall  be  measured  and  their  wave  forms  deter- 
mined by  methods  which  are  free  from  the  limitations  and 
imcertainties  of  those  now  available. 

9.  The   Measurement   of   Current 

(a)  Direct-Current  Circuits.  The  permanent-magnet  mov- 
ing-coil ammeter  is  the  standard  for  all  but  small  low-priced 
instruments  used  for  dry-cell  testing  and  for  automobiles. 
For  the  latter  the  polarized  vane"  type  is  largely  used. 

The  practise  of  American  makers  seems  to  be  to  supply 
medium  size  switchboard  ammeters  with  self-contained  shunts 
up  to  about  75  amperes.  Above  this,  (and  also  below,  on 
order)  instruments  with  separate  shunts  are  supplied.  One 
maker  lists  seven-inch  instruments  self-contained  up  to  200 
amperes.  Small  instruments,  such  as  three-inch  roimd  and 
the  smallest  fan-shaped  instruments,  are  self-contained  up 
to  15  to  30  amperes.    Large  illuminated-dial,  also  some  fan- 

49.  Middleton  &  Dawes,  Trans.  A.  I.  E.  E.,  vol.  33,  p.  1204;   1914. 

50.  Whitehead  and  Pullen,  Trans.  A.  1.  E.  E.,  vol.  35,  pp.  809-833, 1916. 

51.  This  instrument,  brought  out  by  Dcprez  in  1880,  contains  a  pivoted 
soft-iron  vane  in  the  field  of  a  permanent  magnet.  A  coil  carrying  the 
current  to  be  measured  sets  up  a  field  at  right  angles  to  the  field  of  the 
permanent  magnet,  and  the  direction  of  the  resultant  field  thus  varies 
with  the  current.  The  vane  assumes  the  position  of  the  resultant 
field.  This  construelion  was  used  in  the  Thomson-Rice  ammeter  and 
voltmeter  in  the  early  days  of  electric  lighting.  In  recent  years  the  need 
for  a  simple  andivery  cheap  instrument  for  automobile  use,  capable  of 
showing  reversal^of  current  flow,  has  caused  this  type  to  be  made  in 
large  numbers. 
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shaped  instruments,  are  made  only  for  external  shunts.  The 
widest  variation  of  practise  is  found  in  standard  portable 
ammeters,  which  are  supplied  self-contained  up  to  500  amperes 
by  one  maker,  while  two  others  limit  internal  shunts  to  30 
amperes  in  order  to  avoid  errors  due  to  heating.  This  is  a 
matter  which  affects  the  accuracy  of  electrical  measurements, 
and  it  is  therefore  advisable  to  compare  briefly  the  self-con- 
tained ammeter  with  the  separate-shunt  ammeter. 

In  the  self-contained  ammeter  the  shunt  is  not  open  to  the 
air*2,  and  hence  its  rise  of  temperature  under  load  is  greater 
than  it  would  be  if  separate  from  the  instrument.  While  the 
effect  of  this  heating  on  the  shunt  itself  may  be  made  small 
by  the  use  of  suitable  alloy,  the  heat  liberated  raises  the  temper- 
ature of  the  moving  coil,  springs,  and  other  parts,  thus  in- 
troducing opportimity  for  error,  since  even  compensated 
millivoltmeters  may  have  errors  if  their  parts  are  at  different 
temperatures.  Another  objection  to  internal  shunts  for  large 
currents  is  the  magnetic  effect  of  the  current  in  the  loop  formed 
by  the  conductors  which  connect  the  instrument  into  the 
circuit.  Large  conductors  are  difficult  to  handle,  and  cannot 
be  readily  twisted  together  to  make  them  non-inductive,  as 
can  be  done  with  smaller  wires.  A  further  advantage  of  the 
separate-shimt  ammeter  is  that  its  range  can  easily  be  altered 
by  the  use  of  other  shunts. 

On  the  other  hand,  the  separate-shimt  ammeter  has  the 
disadvantage  that  its  moving-coil  circuit  is  completed  through 
four  binding-post  contacts,  which  may  become  dirty  or  cor- 
roded, and  two  flexible  leads,  which  may  be  inadvertently 
exchanged  for  others"  of  similar  appearance,  or  which  may 
have  their  resistance  affected  by  the  breaking  of  strands.** 

52.  This  does  not  apply  to  the  self-contained  portable  ammeter  of 
500  amperes  capacity  above  referred  to.  This  line  of  ammeters  has 
provision  for  ventilation  of  the  shunt,  in  some  of  the  higher  ranges. 

53.  Instrument  makers  are  not  always  sufficiently  careful  in  this  matter. 
In  a  shipment  of  instruments  sent  to  the  Bureau  of  Standards  for  test 
were  a  portable  millivoltmeter  and  a  labratory  standard  millivoltmeter, 
with  leads  which  were  of  different  length  and  resistance  and  which  bore 
no  numbers  or  other  marks  to  show  with  which  instrument  they  were 
to  be  used. 

54.  Durand,  Congress  of  the  Applications  of  Electricity,  Marseilles, 
1908,  p.  620,  states  that  he  has  often  found  d-c.  ammeters  reading  10 
to  20  per  cent  low  from  this  cause.  This  evidently  occmred  with  am- 
meters having  a  low  resistance  in  the  instrument,  with  low  shunt  drop. 
He  gives  this  difficulty  as  one  reason  for  avoiding  low  values  of  shunt 
drop,  and  he  prefers   100  millivolts. 
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One  American  manufacturer  has  for  several  years  supplied 
small  portable  ammeters  with  three  self-contained  ranges  on 
the  plan  of  the  Ayrton-Mather  galvanometer  shimt.  This 
is  an  arrangement  which  deserves  to  be  more  widely  known  and 
used.  It  has  the  advantages  of  avoiding  flexible  leads,  as 
well  as  binding-post  and  switch  contacts  in  the  millivoltmeter 
circuit.  There  is  one  common  +  terminal,  with  a  —  terminal 
for  each  range,  and  the  change  from  one  range  to  another  is 
made  by  shifting  the  —  lead  from  one  —  terminal  to  another. 
Thus  the  only  contact  which  is  shifted  is  in  the  line  circuit  and 
has  no  effect  on  the  accuracy  of  the  instrument.  It  would 
be  an  advantage  to  the  users  of  standard  portable  self-con- 
tained ammeters  if  all  makers  would  furnish  them  with  multiple 
ranges  on  this  plan. 

It  was  once  common  practise  to  make  direct-current 
ammeters  with  non-interchangeable  shunts  and  leads.  It  is 
now  the  prevailing  custom  of  American  makers  to  adjust  all 
shunts  of  a  given  class  to  a  uniform  drop,  which  varies  from 
50  to  100  millivolts.  The  Meter  Committee  of  the  National 
Electric  Light  Association  investigated  the  matter  of  stand- 
ardization of  shimts  by  sending  a  circular  letter  to  ten  instru- 
ment makers.  This  letter  contained  sixteen  recommenda- 
tions, some  of  which  related  to  mechanical  details  such  as 
width  of  slots  and  number  of  bolt  holes,  while  others  speci- 
fied the  use  of  a  standard  millivolt  drop,  the  accuracy  of 
adjustment  (1  per  cent),  and  the  electrical  properties  of  the 
shunt  metal,  namely,  a  practically  zero  temperature  coefficient 
and  no  thermoelectric  effect  against  copper.  The  Conmiittee 
suggested  the  tentative  adoption  of  the  following  values  of 
millivolt  drop;  switchboard  type  instrument  shunts,  50  and 
60  millivolts;  portable  instrument  shunts,  100  and  200  milli- 
volts. The  Committee  concluded  from  its  analysis  of  the 
replies  that  a  large  percentage  of  shimts  was  being  manu- 
factured in  accordance  with  its  recommendations,  and  that 
further  conference  with  the  makers  might  lead  to  further 
progress. 

The  matter  of  standardizing  all  shunts  of  a  given  maker 
has  a  bearing  on  instrument  accuracy.  If  shunts  of  a  ^ven 
kind  and  make  are  only  roughly  adjusted,  say  within  10  per 
cent  of  a  nominal  value,  the  adjustment  of  the  instrument 
resistance  must  be  individually  made  to  suit  a  particular 
shunt.    In  service,  such  instnunents  may  be  connected  to  the 
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wrong  shunts  through  oversight.  If  two  shunts  differing  in 
drop  by  10  per  cent,  which  were  correctly  adjusted  to  their 
respective  millivoltmeters,  are  interchanged,  the  instruments 
will  differ  by  over  20  per  cent  when  connected  to  measure 
the  same  current.  A  case  of  this  nature  is  reported  in  which 
the  error  resulted  in  the  overloading  of  one  generator  and  the 
underloading  of  another,  with  generally  imsatisfactory  results, 
for  more  than  a  year  before  the  trouble  was  discovered  and 
rectified.^* 

The  range  of  measurement  by  means  of  d-c.  ammeters  is 
very  wide.  Excluding  the  very  sensitive  unipivot  instruments 
and  considering  only  regular  two-pivot  instruments  of  good 
torque-weight  ratio,  capable  of  operation  in  any  position, 
the  lower  limit  is  perhaps  illustrated  by  a  standard  portable 
instrument  giving  a  deflection  of  150  divisions  for  300  micro- 
amperes. No  upper  limit  of  current  exists  for  the  shunts 
ammeter,  except  that  fixed  by  the  requirements  of  the  user. 
Shunts  of  20,000  amperes  rating  are  regularly  listed  by  several 
American  makers,  and  larger  ones  may  be  had  on  special 
order. 

The  construction  and  accurate  adjustment  of  very  large 
shunts  presents  some  difficulties.  The  usual  practise  in 
making  shunts  of  small  and  medium  capacities  is  to  solder  all 
of  the  sheets  of  alloy  into  two  terminal  blocks.  This  re- 
quires that  all  of  the  sheets  shall  be  soldered  into  a  given  block 
at  one  heat.  This  becomes  very  diflScult  in  large  shunts,  and 
the  accurate  adjustment  is  not  easily  accomplished  because 
of  the  lack  of  resistance  standards  of  such  very  low  values 
and  the  impossibility  of  getting  enough  cxurent  to  give  a 
sufficient  drop  for  an  accurate  test.  It  is  possible  to  avoid 
this  by  making  up  the  shunt  of  sections  in  parallel,  each 
section  being  individually  adjusted  and  provided  with  poten- 
tial wires  which  have  resistances  proportional  to  the  resist- 
ance of  the  shunt  and  large  in  comparison  with  the  latter. 
The  sections  may  then  be  bolted  or  soldered  together  at  each 
end  to  form  a  shunt  of  large  capacity.  The  free  ends  of  the 
potential  wires  leading  from  each  terminal  are  joined  together 
to  form  the  two  potential  points  of  the  large  shunt.  With 
this  arrangement,  the  separate  sections  are  readily  adjusted, 
and  small  irregularities  in  the  division  of  current  among  the 

55.  McTighe,  Elec.  Jour.  vol.  3,  pp.  358-9,  1906. 
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different  sections  will  not  materially  affect  the  resistance 
of  the  shunt  as  observed  from  these  potential  points.** 

The  method  of  connecting  the  copper  bars  to  the  ends  of 
large  shunts  has  an  appreciable  effect  on  the  accuracy. 
Changes  amoimting  to  as  much  as  10  per  cent  have  been  re- 
ported.'^^ 

When  a  d-c.  ammeter  is  connected  into  a  circuit  to  measure 
a  current,  the  reading  of  the  ammeter,  corrected  for  any  error 
it  may  have,  does  not  give  the  value  of  the  current  which  was 
flowing  in  the  circuit  before  the  ammeter  was  inserted.  This 
is  because  the  addition  of  the  ammeter  increases  the  resistance 
and  therefore  diminishes  the  current.  While  this  effect  is 
small  in  many  or  most  practical  cases,  there  are  occasions 
where  the  current  is  flowing  in  a  low-voltage  low-resistance 
circuit,  and  the  use  of  a  high-resistance  ammeter,  such  as  one 
of  the  hot-wire  type,  may  introduce  an  appreciable  error. 
The  following  method  makes  it  possible  to  determine  the  value 
of  the  current  /  which  was  flowing  before  the  ammeter  was 
inserted: 

Let  the  reading  of  the  ammeter  be  /i.  Then  insert  in 
series  with  it  a  resistance  equal  to  its  own  resistance;  let 
the  reading  now  be  h*  Then  the  current  originally  flowing 
is 

This  result  is  of  the  same  form  as  that  for  the  similar  case 
of  the  voltmeter.  It  is  possible  to  derive  a  slightly  simpler 
formula  by  shunting  the  ammeter  with  an  equal  resistance, 
but  this  procedure  is  not  to  be  recommended,  especially  for 
low-resistance  ammeters. 

(6)  Alternating-Current  Circuits.  For  this  work,  moving- 
iron  ammeters  are  probably  the  most  generally  used,  because  of 
their  simplicity,  relative  independence  of  frequency,  and  the 
fact  that  if  necessary  they  can  be  checked  (at  least  approxi- 
mately) on  direct  current. 

In  the  laboratory  the  moving-iron  ammeter  is  very  conven- 

56.  The  principlo  involved  in  this  method  is  discussed  by  Wenner 
from  a  different  point  of  view;  Bulletin  of  Bur.  of  Standards,  vol.  8,  p. 
575,  1912,  Smontific  PapiT  No.  181. 

57.  Rosa,  Trans.  A.  I.  E.  E.,  vol.  24,  p.  223,  1905;  Durand,  CongPMS 
of  the  Applications  of  Electricity,  Marseilles,  1908,  pp.  625-6. 
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lent  for  measurements  not  of  the  highest  accuracy.  For 
more  accurate  measurements  on  ordinary  commercial  fre- 
quencies, the  electrodynamic  ammeter  has  a  number  of  ad- 
vantages, including  the  possibility  of  accurate  test  on  reversed 
direct  current.  For  higher  frequencies  it  is  necessary  to  use 
hot-wire  or  thermocouple  instruments.  The  writer  has  been 
informed  by  some  users  of  thermocouple  instnmients  that  th^ 
are  more  robust  and  give  much  better  satisfaction  than  the 
hot-wire  instruments.  They  are  displacing  hot-wire  instru- 
ments in  the  most  important  commercial  application  of  the 
latter,  namely,  in  radio  work.'^* 

Moving-iron  ammeters  are  made  in  ranges  from  about 
0.1  ampere  up  to  600  amperes.  Above  the  latter  value  it  is 
necessary  to  use  current  transformers.  This  is  frequently 
done  for  much  lower  ranges,  and  is  always  done  when  the 
circuit  is  of  high  voltage,  in  order  to  insulate  the  instrument 
from  the  circuit.  The  accuracy  of  the  measurement  is  then 
a  composite  of  the  individual  accuracies  of  the  anmieter  and 
the  transformer.  The  ratio  of  transformation  (primary 
current  divided  by  secondary  current)  is  in  general  not  quite 
equal  to  the  nominal  value  as  marked  on  the  name  plate,  and 
it  varies  with  the  frequency,  primary  current,  and  secondary 
burden.  This  matter  is  discussed  in  more  detail  in  the  follow- 
ing paragraphs. 

(c)  Current  Transformers.  An  ideal  current  transformer 
would  give  a  secondary  current  equal  to  1/n  of  the  primary 
current  (where  n/1  is  the  marked  ratio)  for  all  values  of  primary 
current,  frequency,  wave  form,  and  secondary  burden. 
Furthermore,  the  phase  displacement  between  the  priniary 
current  and  the  secondary  current  would  be  180  deg.  under  all 
conditions. 

Because  a  component  of  the  primary  current  is  required 
to  magnetize  the  core,  the  secondary  ami>ere-tums  are  in  gen- 
eral smaller  than  the  primary  ampere-turns,  and  the  angle 
between  them  differs  from  180  deg.  by  a  small  angle.  By 
using  a  slightly  smaller  number  of  secondary  turns  than  the 
number  required  by  an  ideal  transformer  for  a  given  ratio, 
the  secondary  current  may  be  brought  near  to  the  desired 
value  for  a  given  set  of  conditions.  The  phase  angle  cannot 
be  so  readily  controlled,  and  since  it  depends  largely  on  the 
vector  relation  between  the  secondary  current  and  the  com- 

58.  G.  Y.  Allen,  Eke.  Jour.  vol.  16,  pp.  494-500.  1919. 
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ponent  which  magnetizes  the  core,  the  usual  method  of  keei>- 
ing  the  phase  angle  down  is  by  the  use  of  proper  material  and 
good  design." 

For  a  given  current  transformer  the  ratio  will  vary  with 
the  primary  current  and  frequency,  and  with  the  secondary 
burden/^  There  is  no  method  in  use  at  present  by  which 
the  performance  of  a  current  transformer  under  one  set  of 
conditions  can  be  readily  computed  from  its  performance 
under  another  set.  It  is  therefore  necessary,  in  accurate 
work,  to  test  the  transformer  under  the  conditions  of  use. 
In  general,  an  increase  in  the  secondary  burden  will  increase  the 
values  of  the  ratio  and  the  phaseangle  for  all  values  of  secondary 
current  and  will  also  increase  the  rate  of  change  of  ratio  and 
of  phase  angle  with  changing  secondary  current.  The  second- 
ary burden  should  therefore  be  reduced  to  a  minimum.  A 
decrease  in  frequency  acts  in  much  the  same  way  as  an  increase 
in  the  secondary  burden. 

The  requirements  which  current  transformers  must  meet 
differ  widely.  If  only  an  ammeter  of  low  impedance  is  to  be 
operated  at  one  stated  frequency,  the  current  ratio  only  is 
of  importance.  If  the  transformer  and  ammeter  may  be 
calibrated  and  used  together,  a  relatively  large  variation  in 
ratio  with  change  of  secondary  current  is  not  objectionable, 
as  it  can  be  taken  care  of  in  the  marking  of  the  ammeter  scale. 
However,  if  a  current  transformer  is  to  be  capable  of  satis- 
factorily operating  one  or  a  number  of  ammeters,  the  latter 
being  calibrated  independently  of  the  transformer,  it  is  neces- 
sary to  use  what  might  be  called  a  highei*  grade  of  transformer. 
To  produce  it,  in  general  one  must  use  more  iron  in  the  core,  or 
more  copper  in  the  windings,  or  both.  If,  further,  it  is  neces- 
sary to  operate  a  wattmeter  or  a  watthour  meter,  and  the 
power  factor  of  the  system  is  appreciably  below  unity,  a  still 
better  grade  of  transformer  must  be  used,  since  in  addition 
to  good  ratio  performance  a  small  i^hase  angle  is  required. 

50.  For  a  clrar  and  practical  discussion  of  instrnnicnt  transformer 
deiiii^n    sec    Kdj^cinnlM',     Indus'. rial    Kl»'cirical   Mo  .suring    Instruments, 

2d  ed..  1)1).  :U'J-;^:is. 

()().  The  term  "secondary  Inirdiii"  is  n'conuncndcd  l)y  the  Institute 
a«  a  substitute  for  the  sotnewhat.  anihii^uous  tcrm:s  load,  secondary 
load,  or  si'condary  connected  load.  It  is  further  recommended  that 
secondary  hurden  he  expressrtl  (luantitativrly  as  the  resistaue\i  in  ohms 
and  inductance  in  henrys  of  the  external  circuit  <.'onnccted  to  the  second- 
ary winding  of  the  transformer. 
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In  the  above  statements,  grade  is  intended  to  apply  to  the 
materials  and  the  electrical  and  magnetic  design,  not  to  the 
mechanical  features  of  construction,  nor  to  the  ruggedness 
of  the  windings,  breakdown  strength  of  insulation,  etc.  These 
latter  features,  while  not  directly  related  to  the  inherent  ac- 
curacy as  determined  by  design  and  materials,  are  of  great 
importance  because  of  their  relation  to  service  accuracy  and 
reliability.  Current  transformers  are  often  subjected  in 
service  to  severe  electric  stresses  due  to  high-frequency  line 
surges,  and  to  mechanical  stresses  caused  by  electrodynamic 
action  between  the  windings  when  short  circuits  occur.  Their 
construction  therefore  requires  careful  attention  to  details. 

Using  the  word  grade  in  the  above  qualified  sense,  it  would 
seem  desirable  to  have  a  set  of  performance  specifications  for 
various  standard  grades  of  current  transformers.*^  These 
specifications  would  include  the  permissible  deviation  of  the 
current  ratio  from  the  marked  value  over  prescribed  ranges 
of  secondary  current,  secondary  burden,  and  frequency,  and 
would  set  limits  for  the  phase  angle  under  the  same  condi- 
tions. This  would  remove  the  uncertainty  that  now  exists 
in  comparing  or  selecting  current  transformers,  since  the  pres- 
ent name-plate  rating  in  watts  or  volt-amperes  gives  but  little 
definite  information  which  may  be  used  as  a  basis  of  compari- 
son, especially  between  the  transformers  of  different  makers. 

Some  general  statements  may  be  made  in  regard  to  the 
suitability  of  current  transformers  for  accurate  measiu^ments. 

It  is  stated  that,«2 

A  well-designed  current  transformer  will  have  from  600  to  1200  ampere- 
turns  in  the  primary  at  its  rated  full-load  current.  There  is  no  objection 
to  increasing  the  upper  limit  to  almost  any  extent  when  the  current  to 

61.  The  "Code  for  Electricity  Meters"  of  the  Joint  Meter  Committee 
of  the  A.  E.  1.  C.  and  the  N.  E.  L.  A.  contains  specifications  for  the 
acceptance  of  types  of  current  and  voltage  transformers.  While  this 
is  limited  to  the  use  of  such  transformers  as  auxiliaries  to  WAtthour 
meters,  and  does  not  consider  other  grades,  it  would  serve  as  a  beginning 
for  more  inclusive  specifications.  The  advance  in  the  art  of  making 
transformers  is  such  that  the  limits  of  tolerance  for  ratio  and  phase 
angle  given  in  the  Code  are  too  broad  for  present  practise. 

Edgcumbe,  in  Industrial  Electrical  Measuring  lustrum  mts,  2d  ed., 
pp.  337-8,  gives  concisu  spc^eifictttions  for  the  acjuracy  of  current  and 
voltage  transformers,  with  tolerances  considerably  smaller  than  those 
of   the   Code   for   Electricity    Meters. 

62.  Edgcumbe,  Industrial  Electric  il  Measuring  Instruments,  2d   ed.,  J 

p.  321.  ■■ 
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be  measured  exc*.eeds  1200  ampt»n^s,  but  there  is  no  advantage  in  doing 
r>o  for  smaller  currents,  and  the  cost  of  construe tion  is  increased.  These 
figures  refer  to  transformers  intended  for  a  secondary  load  of  from  15 
to  40  volt-amperes  at  normal  full-load  current  and  at  a  frequency  of 
So,  For  other  frequencies  the  pi^rmissible  volt-ampere  load  varies  in 
direct  proportion  with  it,  and  for  heavier  loads  an  increase  in  the  ampere- 
turns  is  desirable. 

Another  general  statement  is  that  current  transformerB 
having  hinged  or  split  cores  should  not  be  used  with  watt- 
meters or  watthour  meters,  on  account  of  the  large  phase 
angle  which  results  from  the  large  reluctance  of  the  air  gap 
in  the  core,  and  to  the  small  value  of  full-load  ampere-turns 
(125  to  250).  These  transformers  are  intended  only  for  the 
approximate  measurement  of  current  in  station  or  outside 
lines  where  it  is  necessary  to  link  the  transformer  with  the 
cable  without  cutting  the  latter.  Because  of  the  low  value  of 
ampere-turns,  such  transformers  are  used  with  ammeters 
specially  calibrated  with  them,  and  they  should  be  calibrated 
for  the  frequency  on  which  they  are  to  be  used.  Similar 
statements  apply  to  the  bushing  type  of  current  transformer 
of  low  full-load  ampere-turns  and  excessive  length  of  magnetic 
circuit. 

Low-range  instruments  should  not  be  substituted  for  five- 
ampere  instruments  with  the  expectation  of  better  accuracy 
at  low  loads,  unless  the  transformer  has  been  tested  with  such 
instruments.  The  impedance  of  instruments  of  a  given  type 
increases  approximately  as  the  inverse  square  of  the  ampere 
rating. 

The  secondary  circuit  should  not  be  opened  while  current 
is  flowing,  because  the  voltage  at  the  secondary  terminals  may 
become  dangerously  high.  The  high  value  of  flux  may  cause 
excessive  heating  of  the  core  with  liability  of  damage  to  the 
insulation.  Furthermore,  the  magnetic  condition  of  the 
core  will  be  affected,  with  a  resulting  change  in  the  ratio 
and  phase  angle,  especially  at  small  values  of  secondary 
current.  The  same  abnormal  condition  of  the  core  will  occur 
if  a  direct  current  of  sufficient  strength  flows  through  either 
of  the  windings.  If  magnetization  occurs,  the  transformer  may 
be  brought  back  to  normal  condition  (demagnetized)  by  operat- 
ing at  a  flux  density  above  the  knee  of  the  magnetization 
curve  and  gradually  reducing  the  flux  to  a  very  low  value. 
A  method  usually  given  for  accomplishing  this  result  consists 
in  passing  at  least  half  the  rated  primary  (alternating)  current 
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through  the  primary  windmg  with  a  resistance  of  10  to  20 
ohms  or  more  comiected  to  the  secondary  in  series  with  the 
secondary  instruments.  This  resistance  should  then  be 
gradually  reduced  to  zero  by  steps  of  one  ohm  or  less.  Loose 
or  corroded  contacts,  or  excessive  resistance  in  the  secondary 
should  be  carefully  avoided,  and  the  resistance  of  the  current 
windings  of  secondary  instruments  should  be  measured  by  a 
bridge  to  detect  possible  variable  resistance  due  to  loose  or 
dirty  connections. 

When  it  is  necessary  to  secure  the  best  possible  accuracy 
from  wattmeters  or  watthoiu*  meters  operated  from  current 
transformers,  it  is  not  advisable  to  connect  relays  or  circuit- 
breaker  trip  coils  in  the  same  secondary  circuit.  In  case  it 
should  be  necessary  to  use  the  same  transformer  for  instru-r 
ments,  relays,  and  trip  coils,  a  high-grade  transformer  of 
liberal  secondary  rating  should  be  used,  and  a  reduced  degree 
of  accuracy  should  be  expected.  For  important  metering 
installation's  the  current  transformers  operating  the  meters 
should  have  no  other  secondary  burden. 

When  the  secondaries  of  current  transformers  in  a  poly- 
phase line  are  interconnected,  it  is  difficult  to  calculate  the 
effective  secondary  burden  on  the  individual  transformers 
in  order  to  apply  corrections  for  ratio  and  phase  angle.  For 
this  reason,  interconnection  of  secondaries  is  not  advisable 
where  the  highest  accuracy  is  desired. 

The  question  of  permanency  of  the  constants  of  instrument 
transformers  is  one  that  has  been  up  for  a  number  of  years. 
No  systematic  study  of  the  question  appears  to  have  been 
published.    The  following  statement  has  been  made:** 

The  permanency  of  commercial  (instrument)  transformers  is  such 
that  their  ratios  may  be  relied  upon  to  remain  unchanged  for  a  period 
of  five  yea^rs  (but  not  longer  without  calibration)  provided  that  the 
transformers  have  not  been  subjected  to  overloads,  primary  short  circuits, 
or  open-circuiting  of  the  secondary  of  the  current  transformer  under  load. 

Assuming  that  none  of  these  abnormal  conditions  had  been 
present,  and  that  no  contacts  had  occurred  inside  the  wind- 
ings, the  only  thing  that  could  cause  changes  in  ratio  or  phase 
angle  is  a  change  of  the  magnetic  properties  of  the  core.  The 
kinds  of  transformer  steel  in  use  prior  to  the  advent  of  silicon 
steel  showed  changes  of  this  kind  which  in  some  cases  were 

63.  Electrical  Meterman's  Handbook,  2d  ed.,  p.  327;  taken  from  "Code         ^J 
for  Electricity  Meters,"  1912  ed.,        123.  ^^''^ 
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very  marked.  It  is  generally  understood  that  modem  high 
grade  silicon  steels  are  practically  non-aging.  In  view  of 
the  fact  that  methods  for  testing  current  transformers  are 
being  devised^^  which  are  adapted  to  use  by  central  stations, 
it  is  to  be  hoped  that  data  will  be  kept  for  a  sufficient  time 
to  enable  the  question  of  instrument  transformer  permanency 
to  be  settled. 

Multiple-range  current  transformers  in  which  the  same 
primary  windings  are  grouped  in  various  connections  by  means 
of  links  or  plugs  usually  have  practically  identical  phase  angles 
and  proportional  current  ratios  on  the  different  connections. 
Current  transformers  in  which  the  primary  winding  is  put  in 
place  by  the  user"  sometimes  show  slightly  different  values 
of  ratio  for  different  locations  of  the  primary  windings.  If 
the  primary  leads  are  kept  well  centered  in  the  hole  and  the 
retiuTi  portions  several  inches  away  from  the  transformer 
these  variations  will  usually  be  less  than  0.1  per  cent. 

10.  The  Measurement  of  Power 
Direct-current  power  may  be  measured  by  voltmeter  and 
ammeter,  or  with  an  electrodynamic  wattmeter.  The  latter 
requires  that  the  mean  of  reversed  readings  be  taken  in  order 
to  eliminate  the  effect  of  local  fields  on  unshielded  wattmeters, 
or  of  residual  magnetic  polarity  in  shielded  ones.  For  the 
measurement  of  a-c.  power  the  wattmeter  is  the  most  suitable 
instrument. 

(o)  The  Electrodynamic  Wattmeter.  For  the  accurate  meas- 
urement of  power  at  usual  commercial  frequencies  this  instru- 
ment is  practically  alone  in  the  field. "^^  This  refers  more 
particularly  to  portable  or  laboratory  instruments  which 
must  be  capable  of  use  on  various  frequencies,  power  factors, 
and  wave  forms.  These  instruments  are  of  great  conunercial 
importance  because  they  are  used  to  check  watthour  meters, 

64.  P.  G.  Agnew,  Bull,  of  the  Bureau  of  Standards,  vol.  11,  p.  347, 
1914  (Scientific  Paper  No.  233);  EUctrical  iror/J,  vol.62,  p.  898,  1913; 
0.  A.  Knopp,  Ehdrical  World,  vol.  67,  p.  92.  1916;  F.  B.  Silsbee.  BuU. 
of  (he  Bur.  of  Standards,  \i}\.  14,  p.  317,  1917  (S.-irutific  Paper  No.  309.) 

65.  This  kind  of  eiirroiit  trausformcr  mnuls  a  standard  name.  It  is 
called  by  the  followinjj:  names  at  present:  throiigh-typf,  inserted  primary 
U-pe,  hole  type,  form  H.  and  douj^liriiit  type. 

66.  Tht>  induction  watlnirliT  was  formerly  niad<;  as  a  port-able  instru- 
ment, but  it  was  siibjtrt  to  the  limitation  of  a  fixed  frequency,  and  had 
a  rather  larjj:e  temyxTature  eoefficiont.  At  i)resent,  all  portable  watt- 
meters made  in  this  countrj'  are  of  the  elcK^trodynamic  type. 
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either  directly  or  through  portable  watthour  meters  ("rotating 
standards").  Their  accuracy  limitations  therefore  directly 
affect  the  customer's  bill  and  the  company's  income,  and 
they  are  well  worth  careful  study. 

In  principle,  an  electrodynamic  wattmeter  consists  of  a 
fixed  coil,  through  which  the  load  current  flows,  and  a  moving 
coil  through  which  flows  a  current  which  is  proportional  to  the 
voltage  across  the  load.  The  moving  coil  is  usually  pivoted 
within  the  fixed  coil,  and  its  motion  is  opposed  by  a  spiral 
spring.  The  fixed  coil  is  woimd  with  comparatively  few 
turns  of  thick  wire,  or  in  some  instruments  with  copper  strip 
or  bar,  while  the  moving  coil  is  woimd  with  many  turns  of 
fine  wire,  and  in  series  with  it  is  a  relatively  large  noninductive 
resistance.  When  currents  flow  through  both  coils,  the  moving 
coil  tends  to  move  so  as  to  make  the  mutual  inductance  of  the 
two  coils  a  maximum.  In  the  torsion-head  form  of  wattmeter 
the  moving  coil  is  deflected  by  the  action  of  the  currents,  but 
is  brought  back  to  the  zero  position  by  turning  a  head  which 
winds  up  a  spring  attached  to  the  moving  coil.  The  zero 
position  in  such  wattmeters  is  chosen  as  the  position  of  zero 
mutual  inductance.  In  the  ordinary  deflection  wattmeter 
the  mutual  inductance  is  zero  at  about  half  scale  deflection, 
and  changes  sign  as  it  goes  through  the  zero  position.*^ 

The  torque  of  a  wattmeter  is  at  every  instant  proportional 
Jo  the  product  of  the  currents  in  the  two  coils.  If  the  moving 
coil  had  no  inertia  and  no  damping,  its  deflection  at  any 
moment  would  thus  be  proportional  to  the  instantaneous 
power.  Because  of  its  inertia  its  deflection  indicates  the 
average  power,  which  is  the  quantity  usually  sought. 

(6)  Losses  in  Wattmeter  Windings;  Compensating  Coils. 
In  using  a  simple  wattmeter  as  above  described,  the  voltage 
circuit  (moving  coil  plus  added  resistance)  may  be  connected 
either  directly  across  the  load,  or  so  that  the  drop  through 
the  series  coil  of  the  wattmeter  is  also  included.  In  the  first 
case,  the  wattmeter  reading  includes  the  power  loss  in  the 
voltage  circuit,  and  in  the  second  case  it  includes  the  loss  in  the 

67.  The  Thomson  inclined-coil  wattmeter  is  an  exception.  In  it  the 
mutual  inductance  is  positive  over  the  whole  scale,  increasing  toward 
the  full  scale  point.  The  point  of  zero  mutual  inductance  is  at  a  con- 
siderable angular  distance  below  the  zero  of  the  scale,  and  is  a  point  of 
unstable  equilibrium  when  currents  are  flowing  through  the  two  ooils. 
The  mutual  inductance  increases  in  both  directions  from  its  zero  position. 
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current  coil.  The  choice  of  one  or  the  other  of  these  connee- 
tions  depends  upon  the  circumstances  in  the  same  way  as  in 
the  use  of  a  voltmeter  and  ammeter  to  measure  power.  The 
use  of  a  compensating  winding  on  the  fixed  coil  makes  it  possible 
to  connect  the  voltage  circuit  of  the  wattmeter  directly  across 
the  load  terminals  and  still  get  a  reading  of  power  which  does 
not  include  the  loss  in  the  voltage  circuit.  The  additional 
complication  is  justified  by  the  convenience  of  not  having  to 
apply  corrections,  but  it  introduces  some  risk  of  error  due  to 
wrong  connections.  To  avoid  this,  it  is  well  to  check  the 
correctness  of  connections  experimentally.  When  using  a 
compensated  wattmeter  to  measure  the  power  taken  by  a 
load,  break  the  load  circuit  by  removing  the  wire  from  one 
terminal  of  the  load,  while  leaving  the  voltage  circuit  excited. 
If  the  connections  are  correct,  the  wattmeter  will  show  zero 
deflection,  unless  it  is  not  entirely  compensated.  If  the  con- 
nection of  the  voltage  circuit  is  incorrectly  made,  so  that  the 
compensating  coil  is  not  in  circuit,  the  wattmeter  will  read 
up  scale  by  an  amount  equal  to  the  watts  loss  in  its  voltage 
circuit. 

In  testing  a  compensated  wattmeter  on  separate  souroes 
of  current  and  voltage,  the  compensating  winding  should 
be  out  of  circuit.  To  test  this  point,  apply  an  alternating 
voltage  to  the  voltage  circuit,  with  no  current  flowing  in  the 
current  circuit.  If  the  connections  are  correctly  made,  theHB 
will  be  no  deflection;  otherwise,  a  deflection  down  scale  will 
result.  This  test  can  not  be  made  so  conveniently  on  direct 
ciurent,  on  account  of  the  effect  of  the  local  magnetic  field. 

Serious  errors  may  result  in  the  measurement  of  smaU 
values  of  power  with  compensated  wattmeters  of  low  range, 
unless  the  compensating  winding  has  been  very  carefully 
located  so  as  to  have  the  same  effect  upon  the  moving  coil  as 
that  of  the  fixed  coil,  for  all  positions  of  the  moving  coil.'*  A 
case  came  under  observation  some  years  ago  at  the  Bureau 
of  Standards  which  illustrates  this  point.  A  wattmeter  of 
150  watts  rating  was  checked  for  compensation  in  the  manner 
above  described,  and  was  found  to  be  very  closely  compensated. 
It  was  then  tested  by  the  method  of  separate  sources,  and 
found  to  be  reasonably  accurate.    In  service,  however,  uang 

68.  A.  L.  Ellis,  Compi'nsating  Wattmotors,  Trans.  A.  I.  B.  B.,  voL 
31,  pp.  1579-1590;    1912. 
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the  compensating  winding,  the  results  of  measurements  on 
standard  lamps  showed  very  large  inconsistencies,  and  the 
wattmeter  was  again  investigated  for  compensation,  not  only 
at  the  zero  point,  but  at  points  up  scale  by  shifting  the  spring 
abutment.  It  was  foimd  that  the  compensation  held  good 
only  at  the  zero  point,  and  was  very  far  from  correct  at  other 
points.  Investigation  showed  that  the  compensating  coil 
had  been  wound  up  separately  as  a  coil  of  short  axial  length 
compared  to  that  of  the  current  coil,  and  had  been  located 
at  one  end  of  the  current  coil,  inside  of  the  latter.  The  instru- 
ment was  later  rewound,  using  a  cable  of  insulated  strands,  the 
center  one  being  selected  as  the  compensating  winding.  This 
method  gave  practically  exact  compensation  for  all  positions  of 
the  moving  coil.  It  may  be  pointed  out  that  one  of  the  wajrs 
of  improving  compensation  for  such  losses  is  to  have  the  losses 
as  small  as  possible.  For  this  and  other  reasons,  the  losses 
in  both  coils  of  a  wattmeter  ought  to  be  kept  as  low  as  possible, 
while  maintaining  sufficient  torque. 

(c)  Effect  of  Self  Inductance  in  the  Voltage  Circuit  of  a 
Wattmeter.  Self  inductance  in  the  voltage  circuit  of  a  watt- 
meter is  unavoidable,  as  the  torque  depends  upon  the  mutual 
inductance  of  the  moving  coil  and  the  fixed  coil.  The  self 
inductance  of  the  moving  coil  affects  the  accuracy  of  a  meas- 
urement of  a-c.  power  by  reducing  the  value  of  the  current  in 
the  voltage  circuit  and  by  making  it  lag  behind  the  applied 
voltage  by  a  small  angle.  Since  the  magnitude  of  these  effects 
does  not  depend  simply  on  the  inductance  but  on  the  ratio 
of  inductance  to  resistance,  it  is  evident  that  the  resistance 
which  is  placed  in  series  with  the  moving  coil  should  be  non- 
inductive,  and  as  large  as  possible  consistent  with  other 
requirements.  By  winding  resistance  wire  in  a  single  layer 
on  mica  or  other  insulating  cards,  resistors  are  made  which 
have  extremely  small  inductance  and  capacity,  and  this  con- 
struction is  much  used. 

(d)  Correction  Factor  for  Self  Inductance  of  the  Voltage 
Circuit.  If  a  wattmeter  is  used  to  measure  the  power  of  a 
sinusoidal  alternating  current  I  which  lags  by  an  angle  0 
behind  the  e.m.f.  E,  and  if  the  inductance  and  resistance  of 
the  voltage  circuit  of  the  wattmeter  are  L  and  R,  so  that 
tan  a  =  CO  L/R  is  the  tangent  of  the  angle  of  lag  of  the  cur- 
rent in  the  voltage  circuit,  then  the  correction  factor  C  by 
which  the  reading  of  the  wattmeter  must  be  multiplied  to 
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correct  it  for  the^effect  of  inductance  in  the  voltage  circuit  is 

C  -         1  +  tan'  a 

"      1  +  tan  a  tan  0  /  j\ 

In  a  wattmeter  which  is  fit  to  use,  tan  a  will  be  quite  small 
at  ordinary  frequencies,  so  that  its  square  can  be  neglected, 
and  we  have  the  simpler  form, 

^  "  1  +  tan  a  tan  fl  ^^ 

{e)  Additive  Correction  for  Self  Inductance  of  Voltage  Circuit. 
While  this  expression  is  usable  for  moderate  values  of  tan  0, 
it  becomes  less  applicable  as  0  approaches  90  deg.,  near  which 
value  the  correction  factor  becomes  infinite.  It  is  therefore 
preferable  to  make  use  of  an  additive  correction,  as  first 
proposed  by  Drysdale.®*  To  make  use  of  this  correction  it 
is  necessary  to  know  the  volt-amperes  EI  and  the  sine  of  the 
load  phase  angle,  with  L  and  R  as  before.  Then  the  correction 
C,  which  must  be  added  to  the  wattmeter  reading,  is 

C  =  -  ~-  .  EJ  sin  e  =  -  EI  sin  »  tan  a  (8) 

In  botnV)f  these  correction  formulas,  tan  a  is  positive  for 
inductance  in  the  voltage  circuit,  and  6  is  coimted  positive 
when  I  lags  behind  E.  Cases  have  arisen  in  which  the  series 
resistor  in  the  voltage  circuit,  being  wound  as  a  bifilar  coil, 
had  enough  electrostatic  capacity  to  more  than  neutralize  the 
effect  of  inductance,  so  that  the  current  in  the  voltage  circuit 
led  the  impressed  voltage.  In  such  cases  tan  a  is  taken  as 
negative. 

The  additive  correction  may  be  written 

C  =  -  (EI  tan  a  )  sin  0 
which  shows  that  for  a  given  wattmeter  and  a  given  value  of 
volt-amperes  the  correction  in  watts  is  zero  at  unity  power 
factor  (6  =  0)  and  increases  as  a  sine  function  up  to  a  maximum 
of  —EI  tan  a  at  &  =  90  deg.  At  50  per  cent  power  factor, 
with  a  given  value  of  volt-amperes,  the  error  due  to  inductance 
in  the  potential  circuit,  expressed  in  watts,  has  thus  already 
reached  87  per  cent  of  its  maximum  value.  Since  the  error 
in  a  good  wattmeter,  as  expressed  in  displacement  of  the  needle 

69.  C.  v.  nrysdalo,  EUctrician  (London,)  vol.  40,  pp.  774-S.  1901;  vol. 
76,  pp.  523-5,  1016. 
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from  its  true  position  at  a  given  power  factor  for  the  value  of 
volt-amperes  giving  full  scale  deflection  at  unity  power  factor, 
is  at  most  only  a  few  tenths  of  a  division,  it  may  be  seen  that 
this  error  is  not  serious  in  most  cases,  and  that  the  error  in 
divisions  for  all  points  below  50  per  cent  power  factor  may  be 
considered  approximately  equal  to  the  error  at  50  per  cent 
power  factor. 

In  the  formulas  for  the  additive  correction  and  the  correction 
factor  the  angle  d  appears,  and  while  it  might  be  measiu^  by 
a  power  factor  meter,  it  is  usually  not  known  except  from  the 
values  of  volts  and  amperes,  and  the  watts  as  read  from  the 
wattmeter.  The  latter  being  subject  to  error  due  to  the 
various  phase  angles,  the  value  of  0  so  found  is  only  an  approxi- 
mate one.  It  is  possible  to  use  this  value  to  get  a  first  approxi- 
mation to  the  true  power,  from  which  a  more  acciu'ate  value  of 
d  can  be  found  and  used  to  get  a  second  approximation.  At 
this  point  we  may  note  a  further  advantage  of  the  additive 
correction  as  compared  With  the  correction  factor.  The  latter 
contains  the  term  tan  6,  which  increases  very  rapidly  as  0 
approaches  90  deg.  Hence  any  error  in  determining  0  will 
affect  the  accuracy  of  the  correction  factor  very  much.  In 
contrast  to  this,  the  additive  correction  contains  the  term 
sin  0,  which  has  reached  87  per  cent  of  its  maximum  value 
when  0  is  60  deg.,  and  which  increases  to  its  full  value  more  and 
more  slowly  as  0  approaches  90  deg.  It  may  be  said  that  for  a 
wattmeter  which  is  fit  to  use,  the  apparent  power  may  be  used 
to  determine  0  for  substitution  in  the  additive  correction 
formula,  without  introducing  appreciable  error. 

As  an  illustration,  assume  L  =  4  millihenrys  =  0.004  henry, 
R  =  4000  ohms,  frequency  60  cycles  (co  =  377),  and  E  volts 
and  I  amperes  at  unity  power  factor  give  full  scale  deflection  of 
150  divisions.  Then  the  maximum  error,  which  occurs  at  zero 
power  factor,  will  be 

B7tana=E/co  L/R 

_  j;.jSnx  0.004 

4000 

=  0.000377  E I 

=  0.06  division 

For  power  factors  of  50  per  cent  and  86.7  per  cent  the  error 
will  be  0.05  and  0.03  division  respectively. 
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The  preceding  example  refers  to  a  modem  high-grade  portable 
wattmeter  with  a  maximum  voltage  rating  of  125  volts.  At 
low  power  factors,  use  may  be  made  of  the  overload  capacity 
of  the  windings.  When  these  are  pushed  to  their  limits  the 
maximum  self-inductance  error  will  be  0.2  division.  Watt- 
meters of  similar  type  made  specially  for  use  on  very  low  power 
factor  will  have  a  maximum  self-inductance  error  of  about 
0.4  division.  The  wattmeters  above  considered  all  have 
150-division  scales. 

As  another  example,  consider  a  wattmeter  having  an  induc- 
tance of  9  millihenrys  and /2  =  1000  ohms,  full  scale  reading  of 
250  divisions  for  E I  volt-amperes  at  unity  power  factor.  The 
maximum  error  will  be 

E/tana  =  EI  a)L/R 

_  p  J  377  X  0.009 
■"^^         1000 

=  0.00339  E I 
=  0.82  division 

In  all  of  these  statements  on  the  error  due  to  inductance  in 
the  potential  circuits,  it  has  been  assumed  that  this  cause  only 
is  acting.  Other  causes  will  be  separately  considered,  and 
finally  the  manner  in  which  these  errors  combine  to  affect  the 
result. 

(/)  Compensation  of  Self  Inductance  of  Voltage  Circuit.  The 
effect  of  inductance  in  the  voltage  circuit  may  be  compensated 
over  quite  a  range  of  frequency  by  shunting  a  portion  R/n  of 
the  series  resistor  by  a  condenser  of  capacity  C.  The  induc- 
tance of  the  voltage  circuit  being  L  and  its  resistance  £,  the 
following  relation^^  should  be  satisfied 

While  this  expression  is  not  rigorously  exact,  it  is  sufficiently 
exact  for  all  practical  purposes  in  wattmeter  compensation. 

The  formula  shows  that  an  infinite  number  of  combinations 
of  C  and  R/n  may  be  used.  It  is  therefore  important  to  see 
whether  there  is  any  advantage  in  choosing  some  particular 
value.    Since  for  a  given  wattmeter  and  given  voltage  range  L 

.70.  Sumpner,  Jour.  Soc.  Ttlcg.  Eng.,  vol.  16,  p.  334,  1887;  Drysdale, 
(London)  FAec.  vol.  40,  p.  774,  1901;  Rosa,  Bull,  of  Bur.  of  Standard9, 
vol.  3,  pp.  48-50,  1906. 
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and  R  are  determined,  we  have 

C/n^  =  L//P  =  constant.  (10) 

Thus  if  we  make  n  large,  that  is,  place  the  condenser  around 
only  a  small  fraction  1/n  of  22,  the  capacity  of  the  condenser 
must  be  large,  and  conversely,  if  the  condenser  is  shunted 
around  a  large  part  of  R  (n  small)  the  capacity  required  de- 
creases as  n^  In  addition  to  bringing  the  current  in  the  voltage 
circuit  into  phase  with  the  applied  e.m.f.,  as  a  secondary  effect 
the  resistance  R  is  decreased  by  an  amount  A  R  and  the  current 
I  for  a  given  voltage  increased  by  an  amount  A  J,  thus  requiring 
a  correction  to  the  wattmeter  reading^^    It  may  be  shown  that 


unity  we  may  write 

Afl 
R 


compared 


=  -  a>«  C«  /P/n»  (11) 


^^  ^^    =  0)^0  R^M  (12) 


I  R 

The  change  in  ciurent  being  inversely  proportional  to  n',  it  is 
advisable,  from  this  viewpoint,  to  shunt  a  large  portion  of  the 
resistance  with  a  relatively  small  value  of  capacity.  A  prac- 
tical disadvantage  is  that  if  the  insulation  of  the  condenser 
should  puncture  in  service,  the  unshunted  part  of  the  voltage 
circuit,  including  the  moving  coil,  would  be  liable  to  bum  out. 
It  is  therefore  preferable  to  compromise  by  shunting  say  a 
third  of  R  with  capacity.  In  any  given  case,  the  limitations 
should  be  examined. 

(g)  Correction  Factor  for  Self  and  Mutual  Inductance  of  WaU- 
meter.  The  effect  of  the  mutual  inductance  between  the  fixed 
coil  and  the  moving  coil  of  a  wattmeter  is  usually  stated  to  be 
negligible.  On  the  other  hand,  makers  of  wattmeters  in  which 
the  moving  coil  is  always  in  the  position  of  zero  mutual  induc- 
tance when  readings  are  taken  have  sometimes  put  this  feature 
forward  as  an  advantage  because  it  eliminates  errors  due  to 
mutual  inductance.  The  writer  does  not  know  of  any  definite 
published  data  as  to  the  magnitude  of  this  effect.  It  seemed 
desirable  to  have  a  formula  for  determining  the  error,  since  in 
special  cases  of  high  frequency  or  low  voltage  ranges  it  might 

71.  This  matter  was  brought  to  the  writer's  attention  some  years  a^o 
by  Dr.  P.  G.  Agnew. 
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be  appreciable.    The  following  discussion  is  based  on  an  equa- 
tion derived  by  Laws/'  which,  slightly  rearranged,  is  as  follows: 

p.       P„  ^  1  +    ^'  (^P  ^  MY  \  _  If  0)'  {Li  d:  M)  (L,  d:  M) 

(13) 
in  which  P    =  actxial  power  taken  by  the  load,  the  loss  in  cur- 
rent coil  of  wattmeter  being  included. 
Pu,  -  reading  of  wattmeter  (corrected  for  scale  error). 
0)   =  2  TT  times  the  frequency. 
Lp  =  inductance  of  voltage  circuit  of  wattmeter. 
Rj,  —  resistance  of  voltage  circuit  of  wattmeter. 
M  =  mutual  inductance  between  ciurent  circuit  and 

voltage  circuit  of  wattmeter. 
Ii    =  current  taken  by  load. 

Li  =  inductance  of  load,  including  current  coil  of 
wattmeter. 
Also,  let 

Ri  =  resistance  of  load,  including  current  coil. 
0     =  lag  angle  of  load. 
The  connections  are  understood  to  be  made  so  that  the  voltage 
applied  to  the  voltage  coil  includes  the  drop  in  the  series  coil, 
which  thus  virtually  becomes  part  of  the  load. 
The  above  equation  may  be  put  into  the  form 

P  -  P    / 1     ,    ^'V    ^J^M.'  _  9    ^^p      <^M  \ 

J ^       Li  (jj Lp—  0) Lp M  —  Li  0)  M  +  0) M*      ,- -. 
—  i  z^  CO P ^14; 

It  will  be  noted  that  in  the  equation  (14)  we  have  put  the 
—  sign  before  quantities  containing  M,  instead  of  the  db  sign 
given  by  Laws.    The  reason  for  this  will  now  be  given. 

In  most  wattmeters  of  the  deflection  type  the  mutual  induc- 
tance changes  sign  at  approximately  half-scale  deflection.  In 
the  full-scale  position  the  fluxes  of  the  two  coils  are  in  the  same 
general  direction.  If  we  consider  the  analogous  case  of  an 
electrodynamic  ammeter  having  the  two  coils  in  series,  we 
have  the  known  condition  that  the  torque  is  in  such  a  direction 

72.  F.  A.  l-aws,  EUctn'cal  Maiyurcmfntfi,  pp.  .Slo-lO.  A  similar  equa- 
tion can  1)0  derived  for  tli(^  case  where  the  voltajHfo  circuit  of  the  watt- 
meter is  connected  in  parallel  with  the  load  only. 
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as  to  increase  the  total  self  inductance  L,  which  is 

L  =  Li  +  Lt  +  2Mit  (IS) 

where  Li  and  L2  are  the  self  inductances  of  the  fixed  coil  and 
the  moving  coil,  and  Af  12  is  the  mutual  inductance  between 
them.  On  this  basis,  we  ascribe  the  +  sign  to  M  when  the  coil 
is  above  the  position  of  zero  mutual  inductance,  in  which  posi- 
tion the  reactance  voltage  in  each  circuit  due  to  its  self  induc- 
tance is  in  the  same  direction  as  the  voltage  induced  by  the 
current  in  the  other  circuit.  If  this  convention  as  to  signs  be 
adopted,  equation  (14)  will  have  a  +  sign  before  the  terms 
containing  M  when  the  moving  coil  is  below  the  point  of  zero 
mutual  inductance,  and  a  —  sign  when  the  coil  is  above  this 
position.  We  may  therefore  write  equation  (14)  in  general 
with  a  —  sign  as  an  operator  before  the  terms  containing  M, 
with  the  understanding  that  M  is  a  quantity  which  is  inherently 
+  or  —  according  as  the  moving  coil  is  above  or  below  the 
point  of  zero  mutual  inductance. 

For  -^^  in  equation  (14)  we  may  write  tan  a^,  where 
ckl  is  the  angle  of  lag  in  the  voltage  circuit,  the  mutual  induc- 
tance being  assumed  zero.    Also,  for    -^ —    we  may  write 

Kp 

tan  ckm,  since  co  ilf ,  when  mutiplied  by  the  load  current  /< 
gives  a  quantity  u)  M  Ii  which  may  be  called  the  mutual  reac- 
tance voltage  in  the  voltage  circuit,  and  which  is  analogous  to 
0)  L  Ip,  the  reactance  voltage  due  to  the  self  inductance  of  the 
voltage  circuit.  Also,  for  o)  Li  we  may  substitute  Ri  tan  0. 
Making  these  changes 

P  =  Py,  (1  +  tan*  at  +  tan?  au—  2  tan  a^  tan  Uu) 

-  It"  RitSLud.  (tan  a^  -  tan  a^)  (1  -  M/Li)        (16) 

Smce  Ii^  Ri  =  P, 

P  [1  +  tan  0  (tan  a^  -  tan  a^)  (1  -  M/Li)] 

=  P„  (1  +  tan*  ttL  +  tan*  ««  —  2  tan  a^  tan  a^) 

from  which 

p  ^  p      1  +  tan*  QfL  +  tan*  aM  -  2  tan  a,,  tan  a^ 

^"^     1+  tan  e  (tan  a,  -  tan  a^)  (1  -  M/Li)         ^*'^ 

If  Af  be  assumed  =  0,  tan  a^  =  0,  and  this  equation  beconv^ 
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p  =  p^    ,    •^+^»;"--  (18) 

1  +  tan  d  tan  Ul 

which  is  the  common  form  of  the  expression  for  correcting  for 
the  error  due  to  self  inductance.  If  self  inductance  be  assumed 
=  0,  or  compensated  by  a  condenser  shunting  a  resistance, 
equation  (17)  becomes 

D  _  D  1  +  tan*  au  /jgx 


1  -  (1  -  Af /Li)  tan  0  tan  a^ 


This  equation  is  seen  to  be  similar  in  form  to  equation  (18), 
but  contains  the  term  1  —  M/Li  in  the  denominator. 

In  all  wattmeters  fit  to  be  used,  tan*  ckl  ,  2  tan  Al  tan  ckm,  and 
tan*  ckm  should  be  absolutely  negligible,  so  that  the  equations 
may  be  used  in  the  following  simplified  forms: 

Self  and  mutual  inductance  present  : 

^  ^  ^^   1  +  (1  -  M/Li)  tan  0  (tan  a^  -  tan  au)  ^^^^ 

Self  inductance  present  alone: 

^  =^-   1  +  tan  0  tan  a^  ^"^ 

Mutual  inductance  present  alone: 

^  =  ^^  1  -  (1  -  M/Li)  tan  0  tan  a„  ^^^^ 

As  Li  approaches  zero,  the  term  (1  —  M/Li)  tan  0  in  the 
preceding  equations  approaches  the  indeterminate  form  oo .  0  . 
This  may  be  avoided  by  putting  equation  (17)  into  either  of  the 
following  forms : 


P  =  P. 


P  =  P 


1  +  tan*  QfL  +  tan-  qtm  —  2  tan  otl  tan  au 

1  +  (tan  0  —     ^p   tan  «„)  (tan  a,.  —  tan  au) 

Ri  (23) 

1  +  tan*  g,.  +  tan*  aM  —  2  tan  qtl  tan  au 

1  +  (  tan  0 p —  j  (tan  ckl  —  tan  au) 

(24) 
These  equations  do  not  require  the  value  of  L|.    The  terms 
in  the  numerator  after  unity  may  be  dropped  in  practical  use  of 
the  equations. 
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In  order  to  show  the  order  of  magnitude  of  the  mutual- 
inductance  and  self-inductance  effects,  we  may  take  a  modem 
high  grade  switchboard  wattmeter  of  5  amperes  and  110  volts 
rating,  capable  of  100  per  cent  overload  in  current,  used  on  a 
60-cycle  load  pf  0.50  power  factor,  550  watts,  1100  volt- 
amperes,  current  lagging.  For  this  wattmeter,  Rp  =  3400 
ohms,  Lp  =  3.4  millihenrys,  M  =  +  94  microhenrys  at  full 
scale,  and  /Zz  =  5.5  ohms.    We  then  have 

tan  a.  =    ^  ^  ^  ^(g  ^'^^    =  0.000377 

tan  a„  =  ^  ^  ^  ^3^^ '^^^    =  0.000010 

tan  e     =  tan  60  deg.  =  1.732 
Using  equation  (21), 

1 


P  ^P. 


1  +  (1.732  X  0.000377) 


=  P^  IQQQQQ   =  P„  (1  -  0.065  per  cent.) 

The  error  due  to  self  inductance  alone  is  thus  0.065  per  cent, 
which  is  below  the  limit  of  reading  for  a  switchboard  instrument, 
but  is  just  barely  appreciable  on  a  portable  instrument. 

Using  equation  (24),  neglecting  the  second  order  terms  in  the 
numerator,  we  have  for  mutual  inductance  alone 

^  ^  "^^  1  +(  1.732  -    Q'QQQQfg  X  3^^  )  ( -  0.00001) 

=  p.  1  -  0.000017    =  ^^  (1  ~  O-*^  ^^  ^^'^*)- 

This  is  far  below  the  limit  of  reading,  even  for  the  best 
portable  instruments.  With  high  frequencies,  low  current 
ranges,  or  low  volt  ranges  it  would  be  advisable  to  check  the 
effect  of  both  self  and  mutual  inductance. 

(A)  Effect  of  Eddy  Currents  in  Fixed  Parts  of  Wattmeter.  If 
conducting  masses  are  near  the  current  coil  of  a  wattmeter, 
eddy  currents  will  be  induced  in  them  when  current  flows 
through  the  current  coil.  For  sinusoidal  currents,  the  e.m.f. 
induced  will  be  90  deg.  behind  the  flux  due  to  the  fixed  cq\1« 
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The  eddy  current  will  lag  behind  the  induced  e.m«f.  by  an 
angle  which  at  ordinary  frequencies  is  probably  flEmall  for  hig^ 
resistance  alloys,  but  which  may  be  relatively  large  for  copper. 
The  moving  coil  is  deflected  by  the  resultant  flux,  namdy,  the 
vector  sum  of  the  main  flux  and  the  eddy  current  flux.  Sinoe 
the  latter  lags  behind  the  main  flux  by  more  than  90  deg.,  the 
resultant  flux  is  of  somewhat  smaller  magnitude  than  the 
main  flux  and  lags  behind  the  latter.  The  effect  upon  the 
reading  of  the  wattmeter  is  thus  two-fold ;  (a)  the  decrease  in 
magnitude  tends  to  reduce  the  wattmeter  reading;  (b)  the 
lagging  of  the  resultant  flux  may  tend  to  increase  or  decrease 
the  reading,  depending  upon  the  vector  relations  of  the  voltage 
and  current  in  the  load.  The  effect  of  lagging  the  resultant 
flux  by  an  angle  a^  is  evidently  the  same  as  would  be  produced 
by  a  cause  (such  as  excess  capacity  effect  in  the  voltage  circuit) 
which  advances  the  current  in  the  voltage  circuit  by  the  angle 
as  with  respect  to  the  applied  voltage.  Thus  one  part  of  the 
effect  of  eddy  currents  is  of  opposite  direction  to  the  effect  of 
inductance  in  the  voltage  circuit.  If  the  latter  effect  is  to 
cause  the  current  in  the  voltage  circuit  to  lag  by  an  angle  at  f 
then  both  effects  may  be  taken  care  of  by  replacing  a  and  Ql 
in  the  preceding  formulas  by  a,.  —  a^.  This  "equivalent 
phase  angle""'^  of  the  wattmeter  may  also  be  extended  to 
include  the  phase  angles  of  current  and  voltage  transformers 
used  with  the  wattmeter. 

The  above  discussion  does  not  take  into  account  the  eddy 
currents  set  up  in  fixed  conducting  masses  by  the  ciirrent  in  the 
moving  coil.  Aside  from  the  fact  that  the  motion  of  the  latter 
would  complicate  the  matter,  the  ampere-turns  of  the  moving 
coil  at  rated  voltage  are  only  a  few  per  cent  of  those  of  the  fixed 
coil  at  rated  current,  and  hence  the  eddy  currents  set  up  by  the 
former  may  be  neglected. 

A  few  instances  of  appreciable  error  at  ordinary  frequencies 
resulting  from  eddy  currents  may  be  instructive.  A  new 
wattmeter  in  which  the  two  current  coils  were  supported  by 
brass  castings  was  found  to  have  errors  indicating  eddy  cur- 
rents. On  investigation  it  was  found  that  in  assembling  the 
instrument  certain  insulating  washers  had  been  omitted,  thus 
forming  a  closed  conducting  path  around  these  castings.  The 
error  was  1  per  cent  at  power  factor  0.75,  60  cycles.    Another 

73.  L.  T.  Robinson,  in  Pendor's  Handbook  for  EltM3.  En^.,  Ist  edition, 
p.   1819. 
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instance,  in  which  the  eddy  current  error  was  1.5  per  cent  at 
87  per  cent  power  factor,  60  cycles,  was  traced  to  short-cir- 
cuited turns  in  the  compensating  winding.  A  similar  result 
would  be  given  by  a  short  circuit  in  the  current  coil  which 
would  cut  out  some  of  the  turns  from  the  path  of  the  load 
current  and  give  a  path  for  eddy  currents.  Wattmeters  as 
received  from  the  maker,  or  which  are  about  to  be  used  for 
important  tests,  should  be  checked  on  low  power  factor,  in 
addition  to  the  test  with  reversed  direct  current. 

(i)  Effect  of  Eddy  Currents  in  Moving  Parts  of  Wattmeter. 
Eddy  currents  in  the  moving  coil  or  its  metal  fittings  will 
introduce  errors  of  the  same  sort  as  those  due  to  mutual 
inductance,  but  they  may  be  of  appreciable  magnitude.  Eddy 
currents  in  the  moving  coil  can  occur  only  when  one  or  more 
tiuTis  have  been  accidentally  short-circuited.  An  idea  of  the 
magnitude  of  the  effect  may  be  gained  by  connecting  the  ter- 
minals of  the  moving  coil  together,  excluding  the  series  resistor, 
and  passing  rated  current  at  a  commercial  frequency  through 
the  current  coil.  The  interaction  between  this  current  and 
the  current  induced  in  the  moving  coil  will  deflect  the  coil, 
sometimes  by  several  scale  divisions,  toward  the  point  of  zero 
mutual  inductance.  This  effect  decreases  as  the  point  of  zero 
mutual  inductance  is  approached,  and  for  a  given  coil  position  it 
varies  as  the  square  of  the  current  in  the  current  coil.  The 
observed  effect  is  caused  by  eddy  currents  in  all  the  turns  of 
the  moving  coil,  usually  several  hundred,  and  the  deflection 
for  a  part  of  the  coil  short-circuited  will  be  in  proportion  to  the 
number  of  turns  short-circuited.  No  case  of  this  kind  has 
come  under  the  writer's  notice,  but  as  the  matter  can  be 
readily  checked,  it  should  be  kept  in  mind  as  a  possible  source 
of  error  in  power  measurements.  In  the  manufacture  of 
wattmeters  and  a-c.  voltmeters  all  coils  should  be  tested  before 
assembly  to  detect  possible  short-circuited  turns. 

0)  Methods  of  Testing  Wattmeters  at  the  Bureau  of  Standards. 
Electrodynamic  wattmeters  are  tested  by  the  Bureau  of 
Standards  on  direct  current,  using  the  mean  of  reversed  readings 
in  order  to  eliminate  error  due  to  local  magnetic  field  or  residual 
polarity  in  iron  shields.  A  further  test  which  is  usually  made 
is  the  determination  of  the  "a-c — d-c.  difference,"  which  is 
made  as  follows :  The  current  coil  of  the  wattmeter  is  connected 
in  series  with  the  current  coil  of  a  standard  reflecting  electro- 
dynamometer,  the  voltage  coil  of  the  wattmeter  in  parallel 
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with  that  of  the  electrodjoiamometer.  Alternating  current  is 
passed  through  the  current  coils  and  alternating  voltage  of  the 
same  frequency,  adjustable  in  phase,  is  applied  to  the  voltage 
coils.  The  current  and  voltage  are  regulated  to  give  a  stated 
deflection  of  the  wattmeter,  and  the  electrodjoiamometer  is 
read.  Using  direct  current  and  voltage,  the  wattmeter  is  then 
brought  to  the  same  deflection  as  before,  first  with  current  and 
voltage  of  a  given  direction,  then  with  both  reversed.  As  a 
check,  the  a-c.  reading  is  then  repeated.  The  mean  of  the  two 
a-c.  readings,  minus  the  mean  of  the  two  d-c.  readings,  is  then 
divided  by  the  mean  of  the  d-c.  readings  in  order  to  obtain  the 
relative  difference  (usually  expressed  as  a  percentage)  in  the 
reading  of  the  wattmeter  on  d-c.  and  on  a-c.  This  difference 
gives  an  index  of  the  quality  of  the  wattmeter  as  to  freedom 
from  errors  due  to  self  inductance  and  eddy  currents.  High 
grade  portable  wattmeters,  tested  on  commercial  frequencies 
at  the  volt-amperes  giving  full  scale  deflection  for  unity  power 
factor,  give  a-c.-d-c.  differences  of  not  over  a  few  tenths  of  a 
division.  Wattmeters  which  have  been  carefully  compen- 
sated for  inductance  give  practically  no  difference. 

{k)  Multiple  Ranges  in  Wattmeters.  Multiple  ranges  are 
secured  in  wattmeters  by  making  the  current  winding  in  parts 
(usually  two)  which  can  be  joined  in  series  or  in  parallel,  and 
by  bringing  out  taps  from  the  series  resistor  in  the  voltage 
circuit.  It  is  important  that  the  separate  parts  of  the  current 
winding  should  be  alike  in  resistance  and  in  their  magnetic 
effect  upon  the  moving  coil.  This  can  be  checked,  in  instru- 
ments having  accessible  links  for  changing  the  range,  by  putting 
the  two  parts  of  the  current  winding  in  series  opposing,  and 
exciting  the  voltage  circuit  from  a  source  approximately  in 
phase  with  the  current.  A  deflection  indicates  a  difference  in 
the  coils.  Strictly,  this  test  should  be  carried  out  throughout 
the  scale,  by  shifting  the  spring  abutments  so  as  to  bring  the 
coil  into  various  initial  positions  over  the  scale. 

(0  Polyphase  Wattmeters.  A  polyphase  wattmeter  consists 
of  two  single-phase  wattmeter  systems  with  their  moving 
elements  on  a  common  spindle.  Because  of  the  limited  separa- 
tion between  the  elements,  some  provision  for  preventing 
interaction  between  the  fixed  coil  of  each  element  and  the 
moving  coil  of  the  other  element  is  necessary  if  the  instrument 
is  to  give  accurate  readings.  In  certain  instruments,  for 
example,  some  graphic  wattmeters,  no  such  provision  is  made^ 
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but  in  high-grade  portable  i)olyphase  wattmeters  a  magnetic 
screen  is  interposed  between  the  elements,  or  each  element  is 
enclosed  in  a  magnetic  shield.  The  latter  arrangement  not 
only  prevents  interaction  but  shields  each  element  from  out- 
side magnetic  disturbing  forces. 

Polyphase  wattmeters  can  hardly  be  given  as  high  a  degree 
of  accuracy  as  the  single-phase  wattmeter  of  the  same  type  and 
grade,  because  it  is  practically  impossible  to  adjust  the  two 
elements  to  follow  the  same  scale  law.  By  careful  workman- 
ship, the  two  elements  may  be  brought  very  nearly  into  agree- 
ment as  to  scale  law  and  sensitivity,  as  is  shown  by  the  fact 
that  one  well-known  maker  guarantees  portable  single-phase 
wattmeters  to  0.25  per  cent  and  the  corresponding  polyphase 
wattmeters  to  0.5  per  cent.  The  necessity  for  having  the  two 
elements  as  nearly  identical  as  possible  arises  from  the  fact 
that  in  measuring  polyphase  power  the  parts  of  the  torque 
contributed  by  the  two  elements  become  more  and  more 
unequal  as  the  power  factor  of  the  load  is  reduced.  At  power 
factor  0.50  all  the  torque  is  furnished  by  one  element,  and  in 
the  ordinary  use  of  the  wattmeter  it  might  be  either  element 
indifferently.  It  is  thus  essential  that  the  deflection  corres- 
ponding to  a  given  power  be  the  same  for  each  element,  and 
that  this  equality  of  elements  should  hold  for  all  parts  of  the 
scale.  A  check  of  this  feature  may  be  made  on  a  single-phase 
circuit  by  putting  the  current  coils  of  the  two  elements  in  series 
so  as  to  oppose  their  torques  and  the  voltage  coils  in  parallel. 
A  deflection  shows  an  inequality  of  the  torques  of  the  two 
elements,  and  such  deflection  should  be  only  a  small  fraction 
of  1  per  cent.  This  test  should  be  repeated  for  a  number  of 
I)oints  over  the  scale,  because  the  equality  of  elements  may  be 
exact  at  the  zero  position  and  not  at  other  points.  The  spring 
abutments  should  be  shifted  in  order  to  bring  the  coil  succes- 
sively into  the  various  positions.  It  is  best  to  precede  this 
test  by  a  test  for  interaction  between  elements,  which  is  carried 
out  by  exciting  the  voltage  coil  of  one  element  from  a  single- 
phase  supply  and  passing  rated  current,  approximately  in 
phase  with  the  voltage,  through  the  current  coil  of  the  other 
element.  The  resulting  deflection,  if  any,  ought  to  be  very 
small,  say  not  over  0.1  division. 

(m)  Measurement  of  Polyphase  Power.  The  measurement  of 
polyphase  power  may  be  made  in  various  ways,  which  are 
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described  in  text-books  ^^  and  will  not  be  considered  in  detaU 
here.  The  two-wattmeter  method  seems  to  have  the  prefer- 
ence. This  presents  no  difficulties  on  a  two-phase  circuit, 
since  each  element  measures  the  power  in  one  phase.  On  a 
three-phase  circuit,  however,  the  two  elements  measure  the 
power  of  three  phases,  and  care  is  necessary  to  have  the  proi)er 
connections  and  to  interpret  the  readings  correctly,  because  at 
power  factors  below  0.50  the  reading  of  one  wattmeter  must  be 
subtracted  from  that  of  the  other.  The  power  factor  under 
which  each  element  is  working  is  not  the  same  as  that  of  the 
load,  and  hence  with  unbalanced  load  corrections  for  induc- 
tance of  the  voltage  circuit  of  the  wattmeter  and  for  the  phase 
angles  of  instrument  transformers  are  more  difficult  to  apply. 
The  use  of  a  separate  wattmeter  in  each  phase  avoids  these 
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difficulties,  but  requires  one  more  instrument  and  access  to  a 
neutral  point,  which  may  however  be  an  artificial  one. 

(w)  Use  of  Instrument  Transformers  with  Wattmeter.  The 
use  of  instrument  transformers  with  a  wattmeter  introduces 
the  necessity  for  taking  account,  not  only  of  the  departure  of 
the  current  ratio  and  voltage  ratio  from  their  nominal  values, 
but  also  of  the  phase  angles.  If  the  latter  were  zero  or  negli- 
gible, the  power  under  measurement  would  be  the  reading  of 
the  wattmeter,  corrected  for  scale  error,  multiplied  by  the 
product  of  the  actual  values  of  current  ratio  and  voltage  ratio. 
If  the  phase  angles  are  not  neKligibie,  the  manner  in  which 
they  affect  the  result  may  be  seen  from  Fig.  7.  In  this,  7p  and 
Ep  represent  the  primary  current  and  primary  voltage  respec- 

74.  Slaiidar.l  Han  lliook  for  Klirtrical  Kii^'iii.  rrs,  lih  od.,  pp.  156^; 
Poiidir's  llaiidhook  for  Klcdrical  KiiKiric;  rs.  1st  t-d.,  pp.  1823-1826;  Laws, 
Kl»clri(;al  M( asuromtMiis,  pj).  :i;)0-;M();  Karni^T,  Khcirical  M.-asurdxaentB 
in  Practis",  pj).  ItMM;  Kdj;ciiinb«\  Industrial  Kli'Ctrical  Measuring 
Instrumtuts,  2nd  od.,  pp.  20US,  222-1. 
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tively,  and  the  power  to  be  measured  is  their  product  multi- 
plied by  cos  d.  In  the  actual  measurement,  however,  we  must 
use  the  secondary  voltage  and  current,  E,  and  /„  in  place  of 
the  primary  quantities.  The  current  in  the  voltage  circuit  of 
the  wattmeter,  /,,  lags  behind  E,  by  the  angle  a.  The  reading 
of  the  wattmeter  is  thus  proportional  to 


E.  Loosed"  (a+  iS-  7)] 


instead  of  to  E,  I,  cos  (^  —  a)  as  in  the  case  of  a  wattmeter 
used  without  transformers  and  having  an  angle  of  lag  a  in  the 
voltage  circuit.  It  may  be  seen  that  the  phase  angles  of  the 
voltage  circuit  and  of  the  two  transformers  may  be  lumped 
into  one  equivalent  phase  angle.  The  angular  relations  shown 
in  Fig.  7,  while  exaggerated  as  to  magnitude,  are  in  the  direc- 
tions usually  found,  as  follows:  The  secondary  voltage  leads 
the  reversed  primary  voltage;  the  ciurent  in  the  voltage  cir- 
cuit of  the  wattmeter  lags  behind  the  secondary  voltage  at  its 
terminals;  the  secondary  current  leads  the  reversed  primary 
current.  It  is  usual  to  ^ve  the  +  sign  to  the  angle  a  when 
the  current  in  the  voltage  circuit  lags  behind  the  voltage  applied 
to  it.  There,  is  a  lack  of  uniformity  of  practise,  however,  as  to 
the  sign  which  should  be  prefixed  to  the  transformer  phase 
angles.  The  convention  used  by  the  Bureau  of  Standards  is 
to  measure  from  the  reversed  primary  quantity  to  the  secondary 
quantity,  and  to  apply  the  sign  which  would  be  given  in 
trigonometry,  namely,  that  angles  described  by  a  vector  moving 
in  a  counterclockwise  direction  are  +  .  The  usual  case, 
namely,  secondary  current  or  voltage  leading  the  reversed 
primary  current  or  voltage,  would  be  given  a  +  sign.  The 
contrary  convention  has  also  been  advocated.'^  Using  the 
convention  of  the  Bureau  of  Standards,  and  referring  to  Fig.  7, 
it  will  be  seen  that  the  angle  jS  of  the  current  transformer  is  to 
be  added  to  the  angle  of  lag  a  in  the  wattmeter,  and  from  this 
sum  is  to  be  subtracted  the  angle  y  of  the  voltage  transformer. 
The  remaining  angle  may  be  used  as  the  equivalent  angle  of  the 
whole  combination,  in  applying  the  correction  formulas. 

The  preceding  discussion  of  power  measurement  with  watt- 
meter and  instrument  transformers  applies  to  the  simple  case 
of  a  single-phase  circuit,  or  in  the  measurement  of  three-phase 

75.  L.  T.  Robinson,  Trans.  Am.    Inst.  Elec.    Eiiij.,  vol.  28,  pp.  1005- 
1052;  Pender's  Haadbook  for  Electrical  Eaginejrs,  1st  ed.,  p.  l^^. 
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power  by  a  wattmeter  in  each  phase.  When  a  three-phase 
balanced  load  at  unity  power  factor  is  measured  with  two  watt- 
meters, one  wattmeter  measures  half  the  load  under  conditions 
as  in  a  single-phase  circuit  of  0.866  power  factor,  currmt 
leading,  while  the  other  operates  under  the  same  i)ower  factor, 
current  lagging.  If  the  equivalent  angles  a  are  alike  for  the 
two  wattmeters  with  their  instrument  transformers,  the  errors 
introduced  will  be  equal  and  opposite,  and  (neglecting  a  term 
cos  a  which  differs  from  unity  by  only  a  negligible  amount)  the 
sum  of  the  readings  of  the  two  wattmeters  will  give  the  actual 
power.  In  general,  for  a  balanced  polyphase  load  in  which  the 
phase  angle  is  0  and  the  equivalent  angle  of  each  wattmeter  and 
its  transformers  is  a,  the  total  correction  to  be  added  to  the 
wattmeter  reading  is 

C/  +  Cj'  =  V^E.  I.  tan  a  sin  0  (25) 

If  three  wattmeters  were  used,  each  would  measure  the 

power  — ^ —  £?,  /,  cos  0,  and  the  correction  to  each  would  be 


V3 


3 


E,  /,  tan  a  sin  0.    The  sum  of  the  three  corrections  is 


thus  equal  to  the  correction  above  given  for  the  measurement 
of  the  same  total  power  by  the  two-wattmeter  method.  Noth- 
ing is  gained  in  the  way  of  increased  accuracy  by  the  xise  of 
three  wattmeters. 

For  example,  if  the  power  factor  of  the  load  is  reduced  to 
0.50,  the  power  should  all  be  indicated  by  one  wattmeter,  while 
the  other  should  indicate  zero.  For  this  case  we  must  use  the 
wattmeter  correction  in  the  additive  form,  since  the  correction 
factor  becomes  useless  at  zero  power  factor.  The  first  watt- 
meter operates  under  the  condition  of  0.866  power  factor, 
current  lagging  by  30  deg.  If  the  current  and  voltage  in  each 
case  are  I,  and  E,,  the  correction  to  the  first  wattmeter  will  be, 
by  equation  (8) 

Ci'  =  -  E,  I,  tan  a  sin  30  deg. 

=  -  1/2  E,  I.  tan  a. 

Similarly  for  the  second  wattmeter, 

Ca'  =  —  E,I.  tan  a  sin  90  deg. 

=  —  E,I,  tan  a 
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The  sum  of  these  gives  the  total  correction,  namely, 

Ci'  +  C  =  -  -^E.  I.  tan  a. 


=  V3^./.(-^tana) 


=  -  \/3^« /.  tan  a  sin  60  deg. 

This  is  the  result  that  would  be  obtained  by  applying  the 

additive  correction  formula  to  the  total  volt-amperes  \/3  E,  /„ 
and  shows  that  the  correction  to  the  polyphase  measurement  is 
the  same  as  would  apply  to  a  single-phase  measurement  of  the 
entire  amount  of  power  at  0.50  power  factor,  using  a  wattmeter 
and  transformers  having  the  equivalent  angle  a. 

The  magnitude  of  the  phase  angle  in  commercial  voltage 
transformers  may  be  estimated  from  the  following  data  of  tests 
made  by  the  Bureau  of  Standards  on  55  transformers  during 
the  period   1908-1918:    Phase  angle  at   no   load,   average 

+  9  min.,  maximum  +  69  min.,  minimum  +  2  min.  The 
value  of  69  min.  is  exceptional,  the  maximum,  if  this  were 
omitted,  being  29  min.  The  phase  angles  at  full  non-inductive 
load  were:    algebraic  average,  —  21   min;    extreme  values, 

—  38  min.  and  +  62  min. ;  omitting  the  last-named  the  next 
largest  positive  value  was   +  26  min. 

While  it  is  difficult  to  give  any  useful  general  statement 
regarding  the  magnitude  of  the  phase  angle  of  ciurent  trans- 
formers, since  it  depends  on  so  many  factors,  if  may  be  said 
that  good  current  transformers,  used  within  their  rated  limits 
of  frequency  and  secondary  burden,  will  have  a  phase  angle  of 
not  over  1  deg.  to  1  deg.  30  min.  at  60  cycles  and  not  over 
1  deg.  30  min.  to  3  deg.  at  25  cycles,  both  at  0.5  ampere  second- 
ary. At  5  amperes  secondary,  the  phase  angle  will  be  about 
one-fourth  to  one-third  of  these  values.  In  the  preceding 
statements,  the  reversed  secondary  cxurent  is  understood  to 
lead  the  primary  current.  In  some  cases,  especially  when  the 
secondary  bxu'den  is  highly  inductive,  the  reversed  secondary 
current  may  lag  behind  the  primary  current  for  a  part  of  the 
curve  including  the  five-ampere  point.  Good  transformers 
with  small  secondary  burden,  say  a  wattmeter  or  a  watthoxu* 
meter  and  connecting  leads  having  a  resistance  of  a  few  tenths 
of  an  ohm,  will  average  about  one-half  of  the  above  values. 
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(o)  Use  of  Iran  in  Electrodynamie  WaUmeters.  On  account 
of  the  relatively  low  torque  of  the  usual  electrodsmamic  watt- 
meters, the  attempt  has  been  made  to  use  iron  in  the  coils. 
This  construction  has  been  investigated  by  Drysdale,  Sumpner 
and  others/^  but  does  not  appear  to  have  gained  any  footing 
in  this  country.  It  seems  evident  that  such  constructions 
would  be  unsuitable  for  precise  testing,  especially  where  more 
than  one  frequency  is  necessary,  and  that  they  would  be  limited 
to  use  on  switchboards  at  a  given  frequency.  One  advantage 
of  some  of  these  constructions  is  that  they  are  but  little  affected 
by  stray  magnetic  field. 

(p)  Induction  Wattmeters.  These  wattmeters  are  similar 
in  principle  to  the  induction  watthour  meter.  They  are 
inherently  less  accurate  than  electrodjoiamic  wattmeters, 
but  for  switchboard  use  they  have  the  advantages  of  simple 
construction,  ruggedness,  high  torque,  no  moving  wire,  and 
long  scale.  They  have  the  disadvantages  of  being  useful  on 
only  one  frequency,  and  a  much  larger  temperature  coefficient 
than  electrodynamie  wattmeters.  Their  accuracy  is  also 
affected  by  voltage  and  wave  form  variations,  which  do  not 
appreciably  affect  electrodynamie  wattmeters.  WMle  they 
are  entirely  suitable  for  the  operation  of  a  plant,  they  should 
not  be  used  in  such  work  as  acceptance  tests,  or  the  accurate 
testing  of  watthour  meters. 

(q)  .Electrostatic  Wattmeters.  These  wattmeters  have  found 
very  limited  application  in  this  country,  being  confined  to  such 
special  laboratory  work  as  the  determination  of  small  amounts 
of  power  at  very  low  power  factors,  such  as  the  dielectric 
losses  of  insulating  materials.  They  are  not  nearly  as  con- 
venient to  use  as  electrodynamie  wattmeters,  and  their  use 
would  seem  to  be  justified  only  for  very  special  work  for 
which  ordinary  methods  are  inapplicable. 

(r)  Hot-Wire  Wattmeters.  This  form  of  wattmeter  con- 
tains two  hot  wires,  one  carrying  a  current  proportional  to 
the  sum  of  the  line  voltage  and  the  drop  at  the  terminals  of 
a  shunt  carrying  the  load  current,  and  the  other  a  current 
proportional  to  the  difference  of  the  line  voltage  and  the 
shunt  drop.  This  instrument  seems  to  have  little  to  recom- 
mend  it,  as  it  is  stated"  to  have  rather  more  pronounced  faults 

76.  Edjjcumlw,  Industrial  Kloctrical  Measuring  Instrument:*,  2nd  edi- 
tion, pp.  219-222. 

77.  PMgcumbe,  Industrial  Eleotrioal  Measuring  Instruments,  2nd 
tion,  pp.  237-8. 
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than  the  usual  hot-wire  ammeters  and  voltmeters.  It  seems 
to  be  a  possibility,  however,  for  the  approximate  measure- 
ment of  power  at  high  frequencies. 

11.  The  Measurement  of  Electrical  Energy 

(a)  General  Discussion.  The  measurement  of  electrical 
energy  is  of  great  commercial  importance.  It  is  not  possible 
in  this  paper  to  do  more  than  briefly  refer  to  some  of  the 
principal  factors  which  affect  the  accuracy  of  energy  measure- 
ments. The  many  questions  involved  in  the  maintenance 
of  accuracy  of  electric  energy  meters  are  being  covered  by  the 
large  organizations  of  central  station  companies,  and  the 
results  appear  in  the  Meterman's  Handbook  and  the  reports  of 
the  N.  E.  L.  A.  Committee  on  Meters. 

In  contrast  to  the  large  variety  of  types  of  indicating  instru- 
ments, the  direct-current  energy  meters  in  this  country  are 
limited  to  the  commutator  motor  meter  and  the  mercury 
motor  meter,  while  the  induction  meter  is  the  only  one  in 
use  for  a-c.  work.  In  spite  of  this  limited  number  of  types, 
the  problems  involved  in  maintaining  meter  accuracy  are 
very  numerous,  and  it  seems  doubtful  whether  any  other 
measuring  device  has  had  so  much  labor  spent  upon  it  in  a  given 
time.  Too  much  can  not  be  said  in  favor  of  the  policy  of  co- 
operation which  prevails  among  the  large  central  stations, 
through  their  national  association,  in  the  way  of  pooling 
information  and  experience  with  meters  for  the  common  good. 

What  has  been  said  of  indicating  instruments  as  to  good 
design,  workmanship,  proper  installation,  maintenance,  and 
testing,  applies  with  even  greater  force  to  meters.  In  the 
following  discussion  it  is  assumed  that  the  reader  is  familiar 
with  the  details  of  meter  construction  and  operation. 

(6)  Accuracy  Curves  of  Watthour  Meters.  It  is  desirable 
that  the  curve  showing  the  "per  cent  registration''^^  as  a 
function  of  the  load  should  be  a  straight  line  from  a  very  few 
per  cent  of  full  load  to  very  heavy  overloads.  This  can  be 
realized  only  imperfectly  in  the  meters  now  available,  with 

78.  No  single  satisfactory  word  si^ems  to  have  been  proposed  for  this 
quantity,  which  may  be  defined  as  the  percentage  of  the  energy  actually 
passed  tiirough  the  meter  which  is  registered  by  it.  Considered  as 
an  instantaneous  quantity,  it  may  be  defined  as  the  ratio  (expressed  as 
a  percentage)  of  the  actual  speed  of  the  meter  disk  at  any  mom<'nt  to 
the  speed  of  a  corre -t  meter  of  the  same  range  and  constants,  measuring 
the  same  load. 
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the  possible  exception  of  the  Aron  pendulum  meter,  which 
has  apparently  not  found  any  application  in  this  country. 
The  departiu'es  from  the  ideal  curve  are  generally  as  foUowB: 
Zero  registration  for  very  small  loads,  a  per  cent  registration 
in  excess  of  100  per  cent  at  from  say  25  to  75  per  cent  load,  and 
a  continually  decreasing  per  cent  registration  as  the  load 
increases  beyond  100  per  cent  of  rating.  The  shape  of  the 
accuracy  curve  in  the  light-load  region  (say  5  to  10  per  cent 
of  rated  load)  is  different  in  different  types  and  inakes  of 
meters.  In  some  cases,  as  in  portable  watthour  meters,  it 
may  be  necessary  or  desirable  to  adjust  the  meter  so  that  the 
curve  from  25  per  cent  to  100  per  cent  of  rated  load  will  be 
as  flat  as  possible,  even  if  this  does  cause  the  meter  to  be  several 
per  cent  fast  in  the  region  of  5  to  10  per  cent  load.  This  is 
because  a  portable  watthour  meter  ought  not  to  be  used  below 
say  25  per  cent  of  rated  load,  but  should  have  such  ampere 
ranges  that  commercial  ranges  of  meters  can  be  tested  at 
light  and  at  full  load  without  using  the  standard  at  less  than 
25  per  cent  load.  This  is  important  in  both  a-c.  and  d-c. 
meters  to  avoid  frictional  errors  in  the  standard,  especially 
in  the  d-c.  meter,  and  for  the  further  reason  that  the  d-c. 
I)ortable  watthour  meter  is  especially  subject  to  errors  from 
local  magnetic  fields,  which  errors  become  relatively  greater 
as  the  load  decreases. 

From  the  central  station  standpoint,  the  under-registration 
at  light  loads  and  at  overloads  is  important,  because  it  is 
necessary  in  most  cases  to  use  a  meter  of  much  smaller  rating 
than  the  connected  load,  in  order  to  get  approximate  accuracy 
on  very  light  but  long-hour  loads.  When  occasion  arises  for 
operating  a  large  part  of  the  connected  load,  the  meter  is 
slow. 

(c)  Effect  of  Room  Temperature  on  Meter  Accuraqf.  In 
a  properly  made  d-c.  commutator  meter,  and  also  in  mercury 
meters,  a  rise  of  temperature  increases  the  resistance  of  the 
voltage  circuit  at  practically  the  same  rate  as  the  resistance 
of  the  drag  disk,  so  that  the  only  remaining  variable  is  the 
strength  of  the  magnetic  field  cut  by  the  disk.  The  change 
in  the  accuracy  of  a  good  meter  of  this  type  should  not  exceed 

79.  Values  of  temperature  coeiliricut  for  five  American  makes  of  d-c. 
wattliour  meter  are  given  by  Fiteh  &  Huber  in  Bulletin  of  th6  Bur9au  of 
Standards,  vol.   10,  pp.  ir)r>-8.  19i:i;    Scientific  Paper  No.  207. 
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0.1  per  cent  per  degree  cent.^*  Cases  where  a  much  higher 
value  has  been  found  are  usually  traceable  to  the  use  of  resist- 
ance alloy  instead  of  a  pure  metal  for  the  series  resistance  in 
the  voltage  circuit. 

In  the  induction  meter  the  conditions  are  inherently  favor- 
able for  low  temperature  coefficient,  because  the  same  disk 
forms  a  part  of  the  motor  device  and  the  drag  device,  so  that 
any  variations  in  its  temperature  have  no  effect  of  the  first 
order.  The  other  sources  of  temperature  coefficient  are 
the  drag  magnets  and  the  electromagnets.  Change  of  temper- 
ature of  the  voltage  winding  and  the  lag  compensating  cir- 
cuit also  have  a  slight  effect.  The  actual  temperature  co- 
efficient of  induction  meters  is  small.  No  recent  determina-- 
tions  have  been  made  by  the  Bureau  of  Standards,  but  data 
from  tests  made  a  number  of  years  ago  shows  that  the  temper- 
ature coefficient  is  under  0.1  per  cent  per  degree  cent,  for  all 
but  very  abnormal  conditions  of  power  factor. 

(d)  Effect  of  Self  Heating  on  Meter  Accuracy.  In  the  d-c. 
commutator  meter  the  effect  of  self  heating  is  quite  marked. 
The  armature  and  its  series  resistor  have  a  high  resistance- 
temperature  coefficient,  and  in  consequence  will  increase  in 
resistance  after  the  line  voltage  is  applied,  until  a  steady 
state  is  reached.  Because  of  this  fact,  it  is  necessary  to  have 
the  meter  at  operating  temperature  before  determining  its 
accuracy,  and  the  same  precaution  is  necessary  with  the  port- 
able watthoxu"  meters  used  to  check  service  meters.*^  A 
second  effect  of  self  heating  in  the  d-c.  meter  is  the  increase 
of  resistance  of  the  armature  due  to  the  heating  of  the  series 
coil  by  the  load  current.  This  heating  increases  as  the  square 
of  the  load  current,  and  its  tendency  is  to  reduce  the  per  cent 
registration  of  the  meter  more  and  more  as  the  load  increases.** 
The  use  of  the  full-load  adjustment  to  make  the  meter  correct 
at  full  load  in  spite  of  this  effect  gives  the  accuracy  curve  the 
same  shape  as  in  the  induction  meter,  namely,  over-registra- 

80.  An  exception  to  this  statement  is  the  General  Electric  type  CB-5 
portable  watthour  meter,  in  which  the  usual  pure  metal  drag  disk  is 
replaced  by  an  alloy  disk  of  lower  temperature  coefficient.  This  calls 
for  a  correspondingly  low  temperature  coefficient  in  the  voltage  circuit, 
with  resulting  smaller  change  in  accuracy  as  the  meter  warms  up  after 
being  put  in  circuit. 

81.  Fitch  &  Hubor,  Bulletin  of  the  Bureau  of  Stanarda,  vol.  10,  pp 
162-6.  1910;    Scientific  Paper  No.  207. 
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tion  from  say  25  to  75  per  cent  of  rated  load,  and  an  increasing 
under-registration  beyond  full  load. 

In  the  d-c.  mercury  motor  meter  the  power  taken  by  the 
current  element  is  so  low  (0.2  watt  at  full  load,  in  the  meten 
tested  by  Fitch  and  Ruber)  that  the  effect  of  self  heating 
from  this  source  is  small,  and  of  opposite  sign  from  that  in 
the  commutator  meter. 

In  the  induction  meter  the  losses  are  relatively  much  smaller 
than  in  the  d-c.  meter,  and  the  combined  motor  and  generator 
action  of  the  disk  would*  make  the  meter  practically  unaffected 
by  heating  of  the  disk  from  the  windings  even  if  it  were  much 
greater.  The  effect  of  self  heating  may  be  said  to  be  negli- 
gible in  induction  meters. 

(e)  Effect  of  Stray  Magnetic  Fields  on  Meter  Accuracy.  The 
d-c.  commutator  meter  of  the  usual  form  is  seriously  affected 
by  even  moderate  values  of  strscy  field,  because  of  the  rela- 
tively low  flux  density  of  the  working  field  set  up  by  the 
series  coils  (less  than  100  gausses  at  full  load).  The  effect 
of  a  given  value  of  stray  field  upon  the  accuracy  increases  as 
the  load  on  the  meter  decreases.  It  is  therefore  standard 
practise  to  adjust  such  meters  in  position  after  installation, 
and  it  is  necessary  to  avoid  locations  where  the  magnetic  field 
is  liable  to  change.  The  meter  should  not  be  placed  near 
structural  iron  which  may  become  permanently  magnetized 
by  a  short  circuit  through  the  meter.  The  mercury  motor 
meter  is  only  slightly  affected  by  stray  field.  The  induction 
meter  is  not  affected  by  the  earth's  or  other  unidirectional 
magnetic  field,  but  only  by  alternating  fields  of  the  same 
frequency  as  that  of  the  current  in  the  meter.  It  is  relatively 
much  less  susceptible  to  error  from  stray  field  than  the  d-c. 
commutator  meter. 

In  commutator  meters  of  special  construction  the  effects 
of  stray  field  are  reduced.  The  following  devices  are  used: 
four-pole  arrangement  of  the  series  coils  and  armature  windings; 
the  use  of  two  bipolar  armatures  of  opposite  polarity;  and  the 
use  of  two  sets  of  bipolar  field  coils  in  connection  with  a  special 
form  of  armature  having  radiating  strips  of  silicon  steel  to 
intensify  and  direct  the  flux  set  up  by  the  armature  coils.  In 
some  large  capacity  switchboard  meters  the  drag  magnets 
are  enclosed  in  an  iron  box  to  shield  them  from  stray  field. 
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(/)  Effect  of  Change  of  VoUage  on  Meter  Accuracy.  In 
d-c.  meters,  an  increase  of  voltage  raises  the  temperature  of  the 
voltage  circuit  without  a  corresi)onding  change  in  the,  tempera- 
ture of  the  drag  disk.  In  consequence,  such  meters  run  more 
slowly  at  higher  voltages,  and  vice  versa."  The  effect  is  more 
pronounced  in  the  mercury  motor  meter  than  in  the  com- 
mutator meter.  No  simple  method  of  obviating  this  effect 
seems  to  be  available.  The  use  of  a  voltage  circuit  and  drag 
disk  of  lower  temperature  coefficient  would  not  be  feasible  for 
service  meters,  as  the  torque  developed  by  such  a  disk  at  a 
given  speed  in  a  given  magnetic  field  is  lower  in  proportion  to 
its  lower  conductivity. 

The  current  taken  by  the  voltage  circuit  of  an  induction 
watthour  meter  on  a  given  voltage  is  determined  very  largely 
by  its  reactance.  The  increase  of  resistance  of  the  winding 
has  only  a  small  effect.  On  account  of  the  presence  of  iron 
in  the  magnetic  circuit,  the  reactance  will  change  somewhat 
as  the  voltage  changes.  The  data  available  indicate  that 
induction  meters  are  considerably  less  affected  by  change  of 
voltage  than  direct-current  meters,  at  least  for  commercial 
ranges  of  voltage  variation. 

(g)  Effect  of  Change  of  Frequency,  Power  Factor,  and  Wave 
Form  on  Meter  Accuracy.  By  proper  design,  induction  watt- 
hour  meters  may  be  made  insensitive  to  small  changes  of 
frequency  on  either  side  of  the  normal,  provided  thei)ower 
factor  is  near  unity.^^  Departures  from  normal  frequency  at 
low  power  factors  introduce  larger  errors  for  which  no  simple 
method  of  compensation  seems  to  be  at  hand.  This  is  an 
argument  for  the  practise  of  holding  the  frequency  constant, 
as  by  the  method  using  a  standard  clock.  With  frequency 
variation  eliminated,  errors  at  low  power  factor  will  not  occur 
if  the  meters  are  properly  lagged. 

In  some  tests  of  American  a-c.  watthour  meters  at  the 

82.  Fitch  &  Huber,  BidUtin  of  the  Bureau  of  Standards,  vol.  10,  pp. 
166-8,   1910;    Scientific  Paper  No.  207. 

83.  In  some  tests  made  by  the  Bureau  of  Standards  on  American 
induction  watthour  meters  a  number  of  years  ago,  a  variation  of  d=  10 
per  cent  in  frequency  at  unity  power  factor  affected  the  accuracy  by 
from  0.1  per  cent  to  0.7  per  cent  in  different  makes.  The  same  variation 
in  frequency,  at  power  factors  of  0.75, 0.50,  and  0.25,  changed  the  accuracy 
by  about  1.5  per  cent,  3  per  cent,  and  5  per  cent  respectively. 
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Bureau  of  Standards  a  number  of  years  ago,  the  change  from 
a  sine  wave  form  to  one  containing  30  per  cent  of  third  harmonic, 
at  normal  voltage  and  frequency  and  unity  power  factor, 
affected  the  accuracy  by  amounts  varying  from  a  few  tenths 
of  a  per  cent  up  to  nearly  3  per  cent.  Durand'^  cites  a  case 
coming  under  his  notice  in  a  French  installation  where  the 
watthour  meters  were  correct  at  a  certsdn  hour  of  the  day, 
while  at  other  hours  the  errors  attained  to  15  per  cent.  In 
the  latter  case  the  network  was  supplied  from  another  al- 
ternator having  considerable  difference  of  wave  form  from 
the  one  operating  in  the  first  case.  It  is  a  fortunate  circum- 
stance, from  the  standpoint  of  meter  accuracy,  that  the 
tendency  of  recent  years  toward  better  control  of  frequency 
has  been  accompanied  by  the  effort  to  design  conunercial 
alternators  to  give  a  good  approximation  to  the  sine  wave  fonn. 

Another  cause  for  the  variation  of  wave  form  is  the  varying 
load  on  a  line  supplied  from  a  given  generator.  When  the 
load  is  heavy  the  wave  form  of  the  line  voltage  may  approxi- 
mate closely  to  that  of  the  generator,  but  when  the  load  is  lig^t 
the  charging  current  of  the  line  may  considerably  distort 
the  wave  form  of  the  voltage  along  the  line.  It  seems  reason- 
able therefore  to  conclude  that  in  designing  induction  meters 
the  factors  which  tend  to  accuracy  on  varying  wave  fortn 
should  be  given  due  weight.** 

(h)  Use  of  Instrument  Transformers  with  Watthour  Meters. 
The  effects  of  the  phase  angle  and  ratio  errors  of  instrument 
transformers  used  with  watthour  meters  are  identical  with 
the  corresponding  effects  on  wattmeters.  A  few  points  of 
difference  in  details  may  be  noted.  The  watthoiu*  meter, 
unlike  the  wattmeter,  has  adjustments  which  permit  the 
regulation  by  the  user  of  the  accuracy  and  of  the  phase  angle. 
Since  the  ratio  of  the  transformer,  the  accuracy  of  the  meter, 
and  the  phase  angle  all  vary  with  change  of  circuit  conditions 
and  of  secondary  current,  it  is  obvious  that  the  adjustment 
of  the  whole  can  be  made  only  for  some  average  load  and 
conditions.  The  most  convenient  method  of  adjusting  a  meter 
with  its  transformers,  when  the  primary  voltage  and  current 
are  not  too  high,  is  obviously  by  the  use  of  a  precision  watt^ 

84.  A.    Durand,  Lo  Compteur  Electriquo,   Inteniatioual  Congress  of 
the  Applicatious  of  Electricity.  Turin,  Vol.  2,  pp.  743-776,  1912. 
85.  W.  H.  Pratt,  (hntral  Electric  Review,  Vol.  18,  pp.  277-281,  1915. 
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meter  connected  directly  in  the  primary  circuit.  This  method 
ceases  to  be  useful,  even  for  primary  voltages  now  considered 
relatively  low,  on  account  of  such  disturbing  elements  as 
leakage  across  insulating  surfaces,  electrostatic  action  on 
pointers,  and  electrostatic  capacity  between  sections  of  the 
series  resistance  and  their  surroundings,^  all  of  which  are 
difficult  to  eliminate  or  allow  for.  There  is  also  the  added 
hazard  to  those  making  the  test.  It  is  therefore  necessary 
in  practise  to  use  wattmeters  with  high  grade  instrument 
transformers,  having  small  errors  which  are  determined  by 
laboratory  methods. 

(i)  Portable  Watthour  Meters  ("Rotating  Standards"). 
These  meters  are  substantially  equivalent  to  service  meters 
except  as  to  the  register,  connections,  and  case.  In  using 
them,  it  should  be  kept  in  mind  that  they  are  subject  to  all 
the  limitations  of  the  service  meter,  and  should  be  carefully 
handled  and  frequently  checked.  Portable  d-c.  watthour 
meters  in  particular  must  be  used  with  great  care  if  results 
of  reasonable  accuracy  are  to  be  expected.  If  line  conditions 
are  fairly  steady,  more  reliable  results  can  probably  be  ob- 
tained with  the  ammeter,  voltmeter,  stop  watch  methbd. 
If  the  current  and  voltage  are  very  unsteady,  the  portable 
watthour  meter  must  be  used.  Care  should  be  taken  to  avoid 
error  due  to  the  local  magnetic  field.  A  magnetic  compass 
placed  at  the  point  where  the  portable  watthoxu*  meter  is  to 
be  used  will  show  the  direction  of  this  local  field,  and  the 
I)ortable  watthour  meter  should  be  placed  with  the  planes 
of  its  series  coils  parallel  to  the  direction  previously  indicated 
by  the  needle.  Care  should  be  taken  to  have  the  portable 
watthour  meter  at  least  two  feet  away  from  the  compass,  in 
order  that  the  stray  field  from  the  drag  magnets  may  not  pro- 
duce an  error  in  the  determination  of  the  direction  of  the 
local  field.  Direct-current  instruments  should  be  at  least 
five  feet  away  from  the  compass  for  the  same  reason. 

Portable  a-c.  watthour  meters  give  much  better  results 
than  the  d-c.  meters  because  of  the  absence  of  commutator, 
lighter  weight  of  moving  element,  larger  ratio  of  torque  to 
weight,  and  greater  independence  of  stray  fields.  They  are 
subject  to  the  same  general  limitations  as  the  corresponding 

86.  Edgcumbe,  Industrial  Electrical  Measuring  Instruments,  2nd  edi- 
tion,  pp.   216-7. 
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a-c.  service  meters.    There  are    two  ways  of  looking  at  this 
fact.    According  to  one,  it  is  an  advantage  to  have  the  port- 
able meter  affected  by  abnormal  frequency,  low  power  factor, 
etc.,  in  the  same  way  as  the  service  meter,  because  when  this 
is  the  case  the  test  of  service  meters  under  conditions  which 
happen  at  the  time  to  be  abnormal  will  give  the  same  result 
as  a  test  with  the  conditions  normal.    The  weak  point  in 
this  argument  is  that  if  conditions  are  more  often  abnormal 
than  normal,  the  test  fails  to  show  the  deviation  of  the  service 
meter  from  normal  accuracy.    It  also  frequently  happens 
that  the  service  meters  are  of  more  than  one  type,  and  are 
variously  affected  by  a  given  departure  from  normal  conditions. 
On  the  whole,  it  seems  better  to  make  the  accuracy  of  the  port* 
able  watthour  meter  as  independent  of  voltage  and  other 
conditions  as  possible,  so  that  every  test  of  a  service  meter 
shall  show  its  accurracy  at  the  time. 

The  current  range  of  many  portable  watthour  meters  is 
varied  by  changing  the  grouping  of  a  sectional  current  wind- 
ing. When  bad  contacts  occur  at  the  links,  plugs,  or  contact 
surfaces  of  a  drum  controller,  this  introduces  little  error  in 
the  results  when  the  meter  is  used  in  the  ordinary  way.  How- 
ever, when  the  meter  is  used  on  the  secondary  of  a  current 
transformer,  such  bad  contacts  may  introduce  serious  errors 
by  putting  more  than  the  normal  resistance  in  the  secondary 
circuit,  with  resulting  change  of  ratio  and  phase  angle.  Some 
metals  which  have  been  used  in  drum  controllers  for  this 
purpose  have  shown  a  tendency  to  oxidize  and  introduce  high 
resistance  into  the  circuit.  Meters  having  such  means  for 
changing  the  range  should  be  checked  by  measuring  the 
resistance  of  the  current  coils  with  a  bridge,  before  using  them 
with   current   transformers. 

0')  Permanency  of  Meter  Drag  Magnets.  Since  a  change 
of  1  per  cent  in  the  strength  of  field  of  the  drag  magnets  affects 
the  accuracy  by  2  per  cent,  it  is  evident  that  permanency  of 
the  magnets  is  a  very  important  matter.  These  magnets, 
especially  in  direct-current  meters,  are  liable  to  be  seriously 
altered  by  the  magnetic  field  from  the  series  coils  when  short 
circuits  occur.  This  effect  may  be  minimized  by  arranging 
the  magnets  with  their  long  dimension  parallel  to  the  plane 
of  the  field  coils  and  keeping  them  as  far  from  the  field  coils  as 
the  design  will  permit. 
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The  shortage  of  tungsteti  during  the  war  compelled  makers 
to  use  steels  which  depend  upon  other  materials,  such  as 
chromium,  for  their  coercive  force.  While  there  is  reason 
to  believe  that  with  careful  control  of  all  processes  of  manu- 
facture it  is  possible  to  make  chrome  steel  magnets  of  high 
quality,  it  will  probably  be  advisable  to  keep  a  closer  watch 
than  usual  on  the  accuracy  of  meters  manufactured  during 
the  war,  since  the  permanency  of  magnets  is  better  established 
by  actual  use  than  by  laboratory  tests. 
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Fia.  8. — Symbols  Placed  on  Instruments  by  a  Foreign  Maker  to 

Denote  the  Operating  Principle 


12.  Further   Developments   Desired 

(a)  Better  Understanding  of  Accuracy  Requirements  by  the 
User.  This  would  benefit  both  user  and  manufacturer,  and 
tend  to  simplify  the  purchase  and  sale  of  apparatus.  It  is 
suggested  that  the  makers  can  aid  in  this  matter  by  devoting 
more  space  in  their  bulletins  to  the  question  of  the  accuracy 
needed  for  different  classes  of  work,  the  importance  of  ac- 
curacy in  certain  classes  of  measurement,  and  the  uselessness 
and  expense  of  needless  accuracy.  More  definite  statements 
of  accuracy  obtainable  with  the  instruments  should  be  given. 
Some  makers  publish  definite  accuracy  guarantees,  while 
others  do  not.  This  condition,  coupled  with  competition,  is  a 
hardship  to  the  user  and  to  the  maker  who  gives  guarantees. 

It  is  suggested  also  that  every  instrument  should  bear 
an  inscription  or  sjonbol  which  will  clearly  show  the  operating 
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principle."    This  has  been  done  for  switchboard  instruments 
by  a  foreign  maker,  as  shown  in  Fig.  8. 

(6)  Standardization.  The  art  of  metering  energy  has  been 
greatly  advanced  by  the  preparation  and  use  of  the  "Code 
for  Electricity  Meters"  prepared  by  the  Electrical  Testing 
Laboratories  under  the  auspices  of  the  Joint  Meter  Committee 
of  the  National  Electric  Light  Association  and  the  Association 
of  Edison  Illuminating  Companies.  The  British  Engineering 
Standards  Association  has  prepared  similar  specifications  for 
indicating  instruments,  a  revis^  edition  of  which  has  recently 
been  issued.  Perhaps  a  classification  may  sometime  be  realized 
which  would  bear  the  same  relation  to  the  instrument  field 
that  the  code  of  the  Joint  Meter  Committee  bears  to  the  watt- 
hour  meter  field.  Some  efforts  along  this  line  have  already 
been  made  by  the  Joint  Meter  Committee.  An  interesting 
step  in  the  same  direction  was  undertaken  during  the  war  by 
cooperation  between  the  makers  and  the  radio  services  of  the 
Government  in  the  standardization  of  electrical  instruments 
for  use  with  radio  apparatus.^* 

(c)  Magnet  Steel.  A  magnet  steel  is  needed  which  will 
have  a  greater  coercive  force  than  the  present  steels,  this 
coercive  force  not  being  accompanied  by  an  undue  reduction 
of  permeability  or  residual  induction.  Such  a  steel  would 
be  valuable  for  the  drag  magnets  of  watthour  meters,  espec- 
ially for  direct-current  meters.  It  would  also  be  useful  for 
indicating  instruments,  especially  for  the  small  sizes  which 
are  coming  into  extensive  use.  The  improvement  in  the  steel 
could  be  used  to  get  increased  strength  and  permanency  with 
the  same  amount  of  steel,  or  the  same  strength  without  sacri- 
ficing permanency  with  a  smaller  amount  of  steel,  as  might 
be  desired  in  the  case  of  instruments  and  magnetos  for  airplane 
use,  where  weight  must  be  minimized.  Other  applications 
would  include  polarized  relays,  and  similar  apparatus  employ- 
ing permanent  magnets. 

(d)  Spring   Materials.    It   would   be   desirable   to   have 

87.  As  an  illustration  may  bo  mentioned  the  casi;  of  a  high-grade  port- 
able shielded  moving-iron  ammet^T  which  is  put  out  in  a  style  identical 
with  a  number  of  electrodynamic  instruments  of  the  same  maker,  but 
wi^h  nothing  to  show  the  operating  principle.  Such  an  instrument  was 
used  for  a  series  of  tests  by  a  trained  laboratory'  man,  on  the  assumption 
that   it    was  an   (?lectrodynainic   instrument. 

88.  (}.  Y.  Allen,  Elec,  Jour.  vol.  1(),  pp.  494-r)()0,  Nov.  1919. 
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non-magnetic  alloys  suitable  for  springs  for  electrical  in- 
struments, which  would  show  less  elastic  fatigue  than  those 
now  available.  For  some  applications,  a  low  specific  resistance 
is  also  very  desirable.  On  account  of  the  thinness  of  instru- 
ment springs  (only  a  few  thousandths  of  an  inch  in  some  cases) 
and  the  fact  that  the  strength  of  the  spring  varies  as  the  cube 
of  the  thickness,  it  is  important  that  the  alloys  used  should 
be  very  resistant  to  oxidation  or  attack  by  sulphur  or  other 
impurities  in  the  atmosphere.  It  would  seem  that  gold 
plating  would  protect  springs  from  this  deterioration,  but 
the  question  requires  some  investigation  to  determine  whether 
any  detrimental  secondary  effects  might  result  from  the  plating 
process. 

(e)  Voltage  Transformers  for  High  VoUages.  Such  trans- 
formers as  now  made  are  large  and  expensive,  and  because 
of  electrostatic  capacity  of  the  primary  windings  with  respect 
to  each  other  and  the  core  and  case,  their  ratio  cannot  be  in- 
ferred with  accuracy  from  the  performance  of  the  same  core 
worked  at  the  same  flux  density  but  with  windings  for  lower 
voltages  for  which  the  capacity  effects  are  much  smaller  and 
methods  of  measurement  of  ratio  and  phase  angle  are  at  hand. 
Improvements  are  desired  in  the  way  of  reducing  weight  and 
cost,  and  in  correcting  for  electrostatic  effects  or  determining 
and  allowing  for  such  effects  on  the  ratio  and  phase  angle. 

(/)  Current  Transformers.  The  use  of  current  trans- 
formers with  a  watthour  meter  implies  heavy  current  or  high 
voltage  or  both,  and  hence  a  commercially  important  amoimt 
of  power.  In  all  such  cases,  and  especially  in  the  larger 
installations,  we  ought  to  have  current  transformers  whose 
phase  angle  is  much  smaller  and  more  nearly  constant  over  a 
wide  range  of  operating  conditions  than  at  present.  The 
ratio  should  also  be  very  constant,  and  within  a  small  fraction 
of  1  per  cent  of  the  marked  value.  With  such  transformers, 
and  with  good  voltage  transformers,  meters  could  be  lagged 
and  adjusted  on  the  secondary  side,  thus  greatly  reducing 
the  labor  and  skill  required. 

Improvements  are  needed  in  current  transformers  which 
of  necessity  have  a  low  value  of  primary  ampere-turns,  such 
as  cable-testing  and  bushing  transformers;  also,  in  those 
which  must  be  madejwithjan  abnormally  long  magnetic  cir- 
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cuit,  namely,  air-insulated  high-voltage  current  transformers 
for  outdoor  use. 

(g)  Instruments  for  Plant  Acceptance  Tests.  For  such  tests 
instruments  are  needed  which  will  give  much  greater  accuracy 
and  reliability  under  service  conditions  than  can  be  had  with 
present  instruments.  Such  instruments  could  be  larger  and 
more  exx)ensive  than  the  present  portable  instruments,  because 
on  some  contracts  a  fraction  of  1  per  cent  bonus  or  penalty 
would  pay  for  them.  The  deflection  potentiometer,  with  volt 
box  and  current  shunts,  is  an  example  of  the  kind  of  instrument 
required,  but  is  available  only  for  direct  current  and  voltage. 
Instruments  of  similar  capabilities  ought  to  be  available  for 
a-c.  power  at  least. 

(k)  D-C.  Watthour  Meters.  Further  improvements  are 
needed  in  the  commutator  meter  which  will  decrease  the 
attendance  required,  give  reasonable  immunity  from  stray 
fields,  and  permit  operation  from  shunts  without  introducing 
errors  from  temperature  differences.  Some  method  should 
apparently  be  devised  to  shield  the  motor  element  from  stray 
field  and  at  the  same  time  protect  the  drag  magnets  from  the 
effect  of  short  circuits  through  the  meter. 

(t)  A-C.  Watthour  Meters.  No  figures  are  available  on 
the  various  operating  characteristics  of  the  meters  now  being 
manufactured.  They  seem  to  have  approacTied  pretty  dose 
to  practical  lower  limits  of  size,  weight  and  cost,  though  from 
the  station  standpoint  no  doubt  still  further  improvements 
in  the  latter  would  be  welcomed. 

For  important  installations  it  is  desirable  to  have  induction 
meters  in  which  first  cost^*  has  been  subordinated  to  greater 
accuracy,  especially  on  overloads.  Such  meters  could  be  larger 
and  heavier,  and  could  require  more  power  in  their  windings, 
provided  they  gave  improved  results.  It  does  not  seem  logical 
to  use  for  such  work  a  type  of  meter  designed  to  be  used  by 
the  million  on  small  installations. 

Some  evident  methods  of  improving  the  present  watthour 
meter  for  this  purpose  may  be  mentioned.  The  braking 
flux  due  to  permanent  magnets  should  be  largely  increased, 
thus  reducing  the  relative  braking  effect  of  the  current-coil 
flux,  which  latter  causes  the  present  accuracy  curve  to  droop 

89.  So«  discussion  of  paper  on  "(Juarantrcs  of  AccMiracy  of  Instru- 
ments," by  G.  Campos,  L'EhUroirchnic.a,  vol.  4,  p.   123.  1917. 
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heavily  on  overloads,  and  also  reducing  the  relative  braking 
effect  of  the  voltage-coil  flux  which  is  one  of  the  causes  of  change 
of  accuracy  with  change  of  voltage.  To  improve  the  accuracy 
on  varying  frequency  at  low  power  factors,  the  use  of  iron 
of  much  better  magnetic  quality  suggests  itself.  Possibly 
the  use  of  silicon  steel  melted  in  vacuum  and  properly  heat 
treated  would  give  the  desired  result.  In  any  event,  enough 
iron  should  be  used  in  the  voltage  magnet  to  enable  it  to  be 
worked  at  the  most  favorable  induction. 

The  use  of  a  much  greater  braking  flux  would  have  the 
further  advantage  of  giving  a  lower  full-load  speed,  with 
correspondincr  reduction  in  wear  of  pivots  and  jewels. 
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Discussion  on  "The  Accuracy  of  Commercial 
Electrical  Measurements"  (Brooks),  New 
York,  N.  Y.,  February  20, 1920. 

W.  H.  Pratt:  The  subject  of  the  paper  is  "The 
Accuracy  of  Commercial  Electrical  Measurements". 
That  is  a  very  broad  topic,  and  it  suggests  that  we 
ought  to  consider  the  meaning  of  "commercial".  As  I 
interpret  the  paper,  it  is  intended  to  include  the  meas- 
urements which  are  just  below  the  accuracy  of  refined 
laboratory  work,  but  certainly  acceptance  tests  scale 
very  high  and  other  lines  of  measurement  which  are 
evidently  included  do  not  rank  at  a  lower  sti^. 

There  is  one  feature  of  this  paper  which  I  think 
should  be  particularly  noted,  and  that  is,  due  to  its 
very  nature  and  the  repeated  warnings  that  occur  from 
page  to  page,  of  how  to  avoid  errors,  it  is  possible  that 
it  may  give  the  reader  the  impression  that  instruments 
are  not  very  good  things,  whereas  I  know  that  the 
author  meant  no  such  thing,  and  I  know  that  his  pur- 
pose in  writing  the  paper  was  to  show  how  good  the 
available  instruments  are,  and  to  point  out  how  by 
discriminating  use  of  our  available  devices  even  more 
accuracy  than  id  customarily  obtained,  can  be 
achieved. 

On  page  501  there  is  a  discussion  of  scale  law.  I 
think  that  this  must  be  viewed  in  a  very  broad  way. 
If  an  instrument  is  to  be  used  in  a  certain  manner,  and 
can  be  given  a  certain  type  of  supervision,  undoubtedly 
one  form  of  scale  distribution  might  be  preferred  to 
another,  which  could  be  better  suited,  were  the  facili- 
ties for  following  the  performance  of  the  instrument 
through  its  life  different. 

On  page  529  there  is  mention  made  of  the  static  pro- 
tection in  certain  a-c.  instruments,  to  prevent  the  effect 
of  electrical  charges  disturbing  the  indications  of  the^ 
needle,  and  somewhere  in  the  paper,  near  that  point, ' 
it  is  stated  that  certain  d-c.  instruments  are  not  so 
protected.  I  fail  to  remember  cases  where  that  is  not 
effectively  taken  care  of. 

On  page  534  the  suggestion  is  made  that  if  zero  ad- 
justing devices  are  arranged  so  as  to  give  a  very  limited 
range  of  adjustment,  this  adjustment  could  be  better 
effected.  It  seems  to  me  that  it  would  be  very  diffi- 
cult, almost  impossible,  to  do  what  is  here  suggested. 
One  or  two  degrees,  truly,  is  a  very  considerable  dis- 
placement of  zero,  and  would  not  occur  in  any  ordi- 
nary instrument,  except  as  a  result  of  accident,  never- 
theless, other  considerations,  such  as  general  repairs  to 
the  instrument,  might  easily  dictate  that  considerably 
more  than  one  or  two  degrees  of  adjustment  should  be 
provided. 
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On  page  571  there  is  a  reference  tx)  the  use  of  poly- 
phase wattmeters,  and  it  is  pointed  out  that  the  gen- 
eral accuracy  is  not  as  great  as  with  single-phase  in- 
struments. Abstractly  Qiat  is  true,  but  we  must  re- 
member that  there  are  a  great  many  types  of  meas- 
urements where  the  load  is  somewhat  unsteady,  where 
the  result  will  be  much  more  accurate  if  absolutely  si- 
multaneous addition  is  effected  than  if  addition  were  ef- 
fected by  observing  the  reading  of  two  separate  in- 
struments. On  the  whole,  though,  it  is  simply  a  gen- 
eral statement  that  the  measurement  of  the  more  com- 
plex polyphase  circuit  is  more  difficult  than  that  of  a 
simpler  single-phase  circuit. 

At  another  point  in  the  paper  it  is  stated  that  the 
moving  iron  instruments  are  not  adapted  tod-c.  measure- 
ments where  the  moving  coil  instrument  is  available. 
There  are  some  special  types  of  measurements  where 
this  general  statement  fails  to  apply,  for  instance,  in 
circuits  carrying  rectified  direct  currents,  on  which  per- 
haps arc  lampsand  incahdescentlampsaresimultaneously 
connected.  It  is  very  important,  if  very  high  efficiency 
incandescent  lamps  are  used  to  measure  the  current 
on  the  basis  of  the  r.  m.  s.  effect  rather  than  the  average 
basis.  In  such  cases,  even  if  current  would  ordinarily 
be  described  as  direct  current,  the  moving-iron  instru- 
ment might  be  the  necessary  instrument  to  employ. 

Under  "Measurement  of  Energy",  I  think  it  is  well 
to  point  out  that  there  are  available  in  this  country  a 
number  of  watthour  meters  which  are  of  very  high 
accuracy,  considering  the  extreme  range  of  conditions 
that  must  be  met.  Furthermore,  this  device  was  de- 
veloped, with  no  limit  to  the  expense  on  investigation, 
the  results  are  such  that  added  expense  put  into  the 
structure  in  all  probability  would  bring  about  entirely 
incommensurate  returns  in  the  way  of  added  accuracy. 

The  accuracy  is,  of  course,  not  100  per  cent,  in  fact, 
one  limitation  of  this  whole  subject,  and  one  that  gives  it 
its  particular  aspect,  is  that  with  measuring  devices,  we 
attempt  to  obtain  the  absolute  truth,  which  we  never 
can  obtain,  that  is,  we  are  always  a  little  wrong. 

On  page  584  a  criticism  is  made  of  the  use  of  chromium 
steels  for  damping  magnets  and  magnets  in  general, 
and  it  points  out  that  the  devices  made  during  the  war 
should  be  very  carefully  watched.  It  is  only  fair  to 
state  that  manufacturers  of  devices  using  permanent 
magnets  were  fully  acquainted  with  the  chromium 
steels  for  many  years  before  they  made  the  change, 
but  there  were  certain  manufacturing  advantages  con- 
nected with  the  use  of  tungsten  steel.  During  the 
war  it  was  necessary  to  go  to  the  chromium  steels,  and 
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once  the  change  has  been  made,  there  is  no  apparent 
reason  for  changing  back.  Almost  the  only  shortcoming 
of  chromium  steel  is  that  you  cannot  get  quite  as  high  a 
strength  with  a  given  amount  of  material.  On  the 
other  hand,  magnetic  problems  in  general  are  sudi 
that  by  using  a  trifle  more  material  you  can  get  back  to 
where  you  were. 

On  the  last  pages  of  the  paper  there  are  a  number  of 
suggestions  made  as  to  topics  which  should  be  takra  up 
for  improvement.  I  think  it  proper  to  say  that 
these  and  many  other  investigations  have  been 
undertaken,  and  that  we  will  all  welcome  the 
finding  of  new  materials  which  would  permit  the  gen- 
eral improvement  of  measuring  devices.  There  are 
few  devices  that  are  in  use  that  have  been  given  a  more 
careful  scrutiny  with  regard  to  the  details  than  meas- 
uring devices.  It  is  mentioned  on  the  last  page  that 
there  should  be  improvement  in  d-c.  watthour  meters. 
I  think  that  it  is  again  only  fair  to  say  that  this  topic 
has  been  most  extensively  investigated,  and  if  you 
should  refer  to  the  records  of  the  large  users  of  this 
device,  you  will  find  that  there  is  not  a  great  deal  to  be 
gained,  even  with  perfect  accuracy  of  the  meter. 
.  The  suggestion  was  made  that  springs  might  be 
advantageously  gold-plated.  We  must  remember  that 
part  of  the  spring  which  is  most  important  in  the  indi- 
cations of  an  instrument  is  its  outer  skin,  and  that  the 
suggestion  of  gold-plating  does  not  seem  to  suggest  an 
improvement  in  this  respect. 

Again  the  possibility  of  making  use  of  more  expen- 
sive meters  for  the  measurement  of  large  blocks  of  a-c. 
power  is  mentioned.  Here  again  it  must  be  pointed 
out  that  the  devices  which  are  in  use  are  the  result  of 
extremely  expensive  investigation,  and  there  have  been 
very  few  sacrifices  in  obtaining  accuracy  to  what  might 
be  called  commercial  considerations. 

A  fact  that  electrical  measuring  devices  are  small, 
and  that  the  work  which  is  put  into  them  is  a  very  con- 
siderable part  of  the  whole  cost,  carries  with  it  the  mean- 
ing that  there  is  very  little  reason  for  scrimping  mate- 
rials in  order  to  save  costs,  and  thereby  reduce  the 
character  of  the  performance. 

J.  R.  Craighead:  In  discussing  terminology  on 
page  543,  Mr.  Brooks  objects  to  the  use  of  the  term 
"phase  angle"  in  reference  to  instrument  transformers 
because  this  "phase  angle"  really  differs  by  180  d^- 
from  the  real  phase  angle  between  primary  voltage  or 
current  and  secondary  voltage  or  cuirent.  This  has 
always  seemed  to  me  an  unnecessary  refinement.  The 
potential  or  current  at  the  secondary  terminals  of  a  trans- 
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former  has  either  180  deg.  relation  or  zero  phase  relation, 
approximately,  to  that  at  the  primary  terminals  provided 
you  do  not  pay  too  much  attention  to  what  is  inside 
the  box.  If  you  take  simply  a  case  of  primary  ter- 
minals, and  secondary  terminals,  the  phase  relation 
may  be  taken  as  either  reversed  or  not  reversed. 
The  method  of  handling  connections  in  meter  installa- 
tions, pays  no  attention  to  reversal  in  the  trans- 
former but  goes  by  the  marked  terminals.  For  practical 
purposes,  therefore,  the  term  "phase  angle"  may  be 
preperly  used  as  an  abbreviation  of  "phase  angle 
between  primary  and  reversed  secondary"  voltage  or 
current. 

Mr.  Brooks  discusses  the  limitations  in  the  building 
and  also  in  the  testing  of  potential  transformers  and 
compares  them  to  small  power  transformers.  Now 
in  the  first  place  the  potential  transformer  is  only 
superficially  like  a  small  power  transformer;  in 
practically  every  design  feature  it  has  an  individuality 
of  its  own;  its  exciting  current  is  likely  to  be  extremely 
different  from  the  exciting  current  of  the  power  trans- 
former of  the  same  size,  its  rating,  as  Mr.  Brooks 
states,  is  very  much  below  that  which  would  be 
determined  by  its  heating,  its  regulation  is  based  on 
different  requirements.  The  extension  of  the  design 
to  the  higher  voltages,  consequently,  does  not  nec- 
essarily offer  exactly  the  same  difficulties  although 
they  may  be  no  less  than  those  that  are  found  in 
power  transformers. 

In  respect  to  the  testing,  the  author  is  right  in 
stating  that  the  higher  you  go  in  voltage  the  more 
difficult  it  becomes  to  test  with  accuracy  for  either 
ratio  or  phase  angle,  but  it  is  possible  to  reach  test 
values,  somewhat  beyond  the  30,000  volts  mentioned 
and  still  obtain  results  which  are  apparently  con- 
sistent. The  results  also  show  that,  at  least,  for  a 
moderate  range  of  voltages,  the  performance  of  a 
potential  transformer  can  be  fairly  definitely  related 
to  its  core  and  winding,  without  excessive  variation 
due  to  the  capacity  effect. 

We  have  conducted  tests  up  to  45,000  volts  for 
about  ten  years,  with  seemingly  accurate  results  on 
both  ratio  and  phase  angles.  We  are  at  present 
building  an  extension  of  the  outfit  to  enable  us  to 
make  tests  up  to  70,000  volts,  and  while  I  have  no 
tests  as  yet  in  the  higher  range,  I  believe  it  is  quite 
certain  we  shall  get  reasonably  accurate  results  up 
to  that  point. 

With  respect  to  the  crest  voltmeter,  I  believe  Mr. 
Brooks  does  not  mention  the  use  of  the  kenotron 
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with  electrostatic  voltmeter  for  the  measurement  of 
high  potentials.  This  is  a  very  acceptable  ami 
valuable  means  of  measurement,  for  potentials  as 
high  as  we  can  provide  electrostatic  voltmeters.  On 
account  of  the  leakages  and  corona  effect  in  most 
electrostatic  voltmeters,  that  limit  is  not  yet  very  high. 
We  have  used  them  up  to  voltages  of  25,000  crest  value 
with  comparatively  small  errors,  but  above  this 
point  the  errors  increase  rather  rapidly. 

The  kenotron  voltmeter  is  also  usable  on  the  tertiary 
coil  of  test  transformers,  to  which  reference  is  made 
in  another  part  of  the  paper.  Oscillograph  tests 
have  shown  that  with  a  suitably  designed  tertiary 
coil,  suitably  placed,  and  with  normal  conditions  of 
operation  of  the  transformer,  the  accuracy  is  entirely 
satisfactory  for  the  ordinary  limits  of  high  potential 
testing.  I  do  not  believe  the  tertiary  coil  is,  or  ever 
will  be,  the  full  equivalent  of  the  potential  trsmsformer 
because  the  variation  of  load  in  the  power  transformer 
must  of  necessity  cause  a  wider  variation  imder 
testing  conditions  that  would  be  obtained  with  the 
potential  transformer  itself,  but  it  is  quite  a  practic- 
able instrument  for  the  ordinary  grades  of  accuracy. 

On  page  553  Mr.  Brooks  makes  the  statement  that 
the  ruggedness  of  windings,  etc.,  are  not  directly 
related  to  the  inherent  accuracy.  I  am  afraid  I  shdJ 
have  to  disagree  with  that.  One  of  the  most  dif- 
ficult questions  that  we  have  to  meet  is  the  design  of 
current  transformers  for  carrying  very  large  overload 
without  injury;  that  is,  a  transformer  using  normal 
full-load  current  of  perhaps  100  amperes  may  have 
to  be  so  constructed  that  it  will  carry  200  times  normal 
load  for  two  seconds  or  something  of  that  kind.  This 
has  an  important  and  direct  effect  on  the  accuracy 
of  the  transformer.  It  is  possible  to  build  such  a 
transformer  to  standard  accuracy,  only  by  very  greatly 
exaggerating  the  size  of  all  the  parts.  It  is  possible 
to  build  a  transformer  within  standard  size  only  by 
considerably  diminishing  the  accuracy  and  ability  to 
carry  secondary  burdens. 

The  same  is  true  regarding  excessive  requirements 
for  insulation.  As  soon  as  the  necessary  dimensions 
of  the  opening  of  the  core  are  increased  by  the  sp^^ 
requirements,  a  change  becomes  necessary  in  the  design 
of  the  apparatus,  if  the  same  phase  angle  and  ratio 
are  to  be  maintained. 

Mr.  Brooks  states  certain  limits  of  design  for  satis- 
factory current  transformers.  While  suggestions  of 
this  kind  are  of  value  to  describe  apparatus,  they 
should  not  be  used  as  arbitrary  restrictions  on  the 
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designer.  A  statement  is  quoted  in  the  paper  which 
limits  current  transformers  of  standard  accuracy  to 
a  range  of  ampere  turns  from  600  to  1200  except  for 
single-turn  transformers.  It  is  possible  to  build 
a  good  transformer  for  certain  purposes  below  the 
minimum  figure.  It  is  possible  to  build  a  very  ex- 
cellent transformer,  for  other  purposes  above  the 
maximimi  figure,  and  most  current  transformers  built  at 
the  present  time  to  meet  standard  accuracy  and  standard 
requirements  are  above  the  maximum  figure.  This 
is  especiallyNnoticeable  in  the  case  of  the  bus  bar  type 
of  current  transformers,  where  they  run  to  20,000 
amperes,  which  would  mean  that  a  single  turn  cor- 
responds to  that  many  ampere  turns. 

In  reference  to  the  precautions  to  be  used  in  operating 
current  transformers,  the  following  statement  is  made 
on  page  554:  'The  secondary  circuit  should  not  be 
opened  while  current  is  flowing,  because  the  voltage 
at  the  secondary  terminals  may  become  dangerously 
high.  The  high  value  of  flux  may  cause  excessive 
heating  of  the  core  with  liability  of  damage  to  the 
insulation.''  Some  little  time  ago  a  section  was 
inserted  in  the  Standardization  Rules  of  the  A.  I.  E. 
E.  requiring  that  all  current  transformers  should  be 
so  built  that  they  can  operate  continuously  with  the 
secondaries  open,  without  permanent  damage.  Prac- 
tically all  American  transformers  at  the  present 
time  are  now  being  built  that  way-^the  insulation  is 
sufficient  so  that  it  is  not  damaged  by  the  application 
of  the  voltage  developed  at  the  secondary  of  the  trans- 
former by  normal  primary  current. 

Magnetization  of  the  core  of  a  current  transformer  by 
the  opening  of  the  secondary  with  current  in  the  pri- 
mary is  still  a  trouble  which  must  be  taken  care  of. 
The  transformer  must  be  demagnetized  after  the  oc- 
currence. Further,  the  voltage  developed  on  the  sec- 
ondaries is  always  high  enough  to  be  unpleasant,  and 
in  some  cases  dangerous  to  the  operator,  if  ne  happens  to 
get  across  it. 

Mr.  Brooks  discusses  phase-angle  errors  of  watt- 
meters, as  affected  by  transformers  and  recommends 
Formula  6  on  page  560,  the  so-called  tangent  formula, 
for  correction  of  phase-angle  errors.  Another  formula 
based  on  the  cosines  is  widely  used,  and  has  some  ad- 
vantages over  the  tangent  formula. 
If      cos  6  is  the  true  power  factor. 

cos  02  is  the  apparent  power  factor  shown  by  volt- 
meter, ammeter  and  wattmeter. 

a  is  the  equivalent  phase   angle   of  the  wattmeter 

j8  and  y  are  respectively  the  phase  angles  of  the  cur- 
rent and  potential  transformers. 
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Thus     e  =  et  +  a  +   /3+7 

True  watts  =  apparent  watts  X  ?- 

cos  Ot 

The  convention  as  to  positive  and  negative  angles 
differs  from  that  described  by  Mr.  Brooks.  02  is  a 
positive  angle  if  the  current  is  lagging,  a,  j3  and  7 
are  positive  if  under  lagging  current  conditions  they 
increase  the  reading  of  the  wattmeter,  negative  if  thw 
decrease  it.  Thus  for  current  transformers  a  second- 
ary current  leading  the  reversed  primary  current  gives 
a  positive  phase  angle  ( j8).  In  potential  transformers 
a  secondary  voltage  leading  the  reversed  primary  voltr 
age  gives  a  negative  angle  (7).  If  the  current  in  the 
wattmeter  potential  circuit  leads  the  voltage  applied, 
the  angle  (a)  is  negative. 

The  reason  for  preferring  the  cosine  formula  is  that 
it  is  scientifically  correct  to  start  with,  and  most  direct. 
You  simply  take  a  thing  that  has  wrong  power  factor 
in  it,  and  you  divide  it  by  that  power  factor,  which 
is  in  the  denominator,  and  multiply  it  by  the  true 
power  factor,  which  is  in  the  numerator,  and  that 
gives  the  correct  value.     In  practise  the  correction 

cos  S 
factors -^  are  tabulated  for  -various  apparent  power 

factors  and  values  of  a  +  ^  +  y,  rendering  their 
application  extremely  simple. 

There  is  also  the  advantage  that  this  formula  works 
with  entirely  satisfactory  accuracy  at  extremely  low 
power  factors,  where  the  tendency  of  the  tangent  for- 
mula, on  account  of  the  exaggeration  of  the  tangent, 
as  it  approaches  90  deg.,  is  to  become  incorrect.  The 
same  advantage  which  Mr.  Brooks  notes  for  the  addi- 
tive formula  on  this  page,  is  obtained  directly  by  the 
multiplying  formula  using  the  cosines. 

On  page  562  Mr.  Brooks  speaks  ■  of  compensating 
for  phase  angle  in  the  wattmeter.  I  note,  in  i)assinffy 
that  compensation  can  also  be  obtained  with  multiple 
circuits  taken  from  the  secondary'  of  the  current  trans- 
former or,  better  by  a  tertiary  winding  placed  in  the  • 
current  transformer,  to  be  loaded  with  compensating 
loads.  These  means  while  practicable,  are  rarely  adop- 
ted, except  in  experimental  work  of  a  high  class,  be- 
cause they  are  unnecessar>\ 

Mr.  Brooks  also  issues  a  caution  on  page  584  regard- 
ing the  shifting  of  portable  watthour  meters  from  one 
current  range  to  another,  by  means  of  series  multiple 

(See  paper  bv  L.  T.  Robinson,  Trans.  A.  I.  E.  E.,  Vol.  28  pace 
1011-1012.) 
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connections,  and  calls  attention  to  the  fact  that  a 
bad  connection  affects  the  secondary  burden  of  the  cur- 
rent transformer  and  is  a  sufficient  cause  of  error,  to  be 
worthy  of  consideration.  There  are  a  number  of  cur- 
rent transformers,  particularly  those  used  for  testing, 
in  which  there  is  a  series  or  multiple  connection  on 
the  primary,  allowing  the  current  to  have  several  ratios. 
If  these  connections  are  bad,  so  that  the  current  flows 
through  completely  to  one  side  of  the  transformer, 
while  another  coil  receives  little  or  no  current,  there 
will  be  a  certain  amount  of  variation  of  the  ratio  and 
phase  angle  of  the  transformer.  The  exact  amount 
depends  on  the  design.  This  is  nearly  always  under 
one  per  cent,  but  with  a  very  poor  design,  might  be 
more  than  that. 

This  is  also  true  in  potential  transformers.  Where  it 
is  necessary  to  change  the  double-ratio  potential  trans- 
former from  one  ratio  to  another,  by  connections  on  the 
high-tension  side,  it  is  necessary  to  see  that  a  good  con- 
nection is  made.  We  have  found  one  or  two  cases  in 
which  an  error  of  as  high  as  one  or  one  and  one-half  per 
cent  may  be  caused  if  failure  of  the  multiple  connection 
makes  practically  only  one  half  of  the  transformer 
operative. 

Now,  just  a  word  in  regard  to  page  575,  where  Mr. 
Brooks  mentions  the  results  actually  obtained  in  a 
large  number  of  tests.  He  states  that  the  phase 
angle  at  no-load  of  a  certain  number  of  commercial 
voltage  transformers  ranged  from  a  maximum  of  69 
minutes  to  a  minimum  of  two  minutes  with  an  average 
of  9  minutes.  Modem  design  tends  towards  a  small 
angle  under  that  condition,  and  it  is  practicable  to 
obtain  transformers  for  either  25  or  60  cycles,  which 
will  not  exceed  ten  minutes  of  phase  angle  at  that 
point.  Probably  the  transformer  which  showed  69 
minutes  was  made  some  years  ago,  because  up  to  a 
few  years  ago  there  was  a  large  number  of  transformers 
being  made  using  such  high  flux  density  that  their  no- 
load  phase  angles  were  extremely  large. 

The  phase  angles  mentioned  at  full  non-inductive  load 
represent  ordinary  practise  at  the  present  time;  that  is, 
about  a  degree  maximum  negative  phase  angle,  and  a 
much  smaller  phase  angle  in  the  opposite  direction. 

E.  P.  Peck:  Instruments,  I  have  found,  are 
generally  considered  troublesome  things,  and  they  do 
not  receive  very  much  attention,  because  they  are 
not  understood.  They  are  quite  often  overlooked  and 
neglected,  not  properly  cared  for. 

As  to  some  of  the  experiences  I  have  had  with 
testing  instruments,  a  case  very  much  in  point  was 
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an  acceptance  test  on  a  plant  for  five  12,500-kv-a. 
generators.  The  plant  was  designed  and  built.  I 
got  word  that  an  acceptance  test  was  to  be  made  on 
the  plant  in  two  days,  and  I  was  to  furnish  the  in- 
struments for  the  test.  I  knew  it  was  to  be  an  im- 
portant test  from  the  size  of  the  plant,  and  took  all 
the  precautions  that  could  be  taken,  in  a  commercial 
laboratory  to  take  care  of  such  a  test. 

We  calibrated  two  complete  sets  of  instruments, 
and  took  them  ninety  seven  miles  up  in  the  coimtry 
for  the  test.  When  we  got  there,  we  found  the  con- 
tract was  worded  in  such  a  way  that  an  increase  of 
efficiency  in  the  units  of  one  per  cent  meant  $1000 
bonus,  and  a  decrease  of  efficiency  of  one  per  cent 
meant  $1000  deducted  from  the  contract  price,  so 
that  one-tenth  of  one  per  cent  error  in  the  test  meant 
$100.  and  that  looked  big  to  me;-  particularly  big,  in 
those  days  when  it  took  me  three  months  to  get  $100 
to  put  in  laboratory  equipment.  There  was  $1000 
one  way  or  the  other,  on  one  small  division  of  the 
indicating  wattmeter. 

The  plant  had  been  built,  it  cost  several  million 
dollars,  three  specialists  had  been  obtained  to  measure 
the  water  end  of  the  plant,  and  the  electrical  end  was 
considered  of  such  little  importance,  that  only  two 
days'  notice  was  given,  and  no  special  instruments 
were  purchased  or  thought  of.  They  used  merely 
the  instruments  on  hand  in  a  central  station  laboratory. 

In  this  test  we  used  every  precaution  we  could 
think  of,  particularly  after  the  contract  had  been 
read  with  the  test  in  mind. 

The  indicating  wattmeters  that  we  used  in  the 
test  were  checked  before  they  were  taken  up  to  the 
point  where  the  test  was  made,  and  checked  after 
they  were  taken  back  to  the  laboratory.  We  found 
there  was  a  difference  of  0.4  of  a  division  in  the 
reading  of  the  meters,  on  the  instrument  test  made 
before  the  acceptance  test,  and  on  the  instnunent 
test  made  after  the  acceptance  test.  It  amounted  to 
$400  one  way  or  the  other,  depending  on  whether  the 
meter  changed  on  the  way  to  the  plant  where  the  test 
was  made,  or  changed  on  the  way  back  from  the 
plant.  We  averaged  the  thing,  and  gave  either  the 
other  company  $200  or  took  $200  ourselves. 

The  correction  necessar>'^  on  account  of  errors  due 
to  current  and  potential  transformers,  was  over 
2.5  per  cent.  It  mi^ht  have  been  easy  to  have  over- 
looked current  and  potential  transformer  errors  on  that 
test,  in  which  case  $2500  would  have  been  taicen 
by  one  party  or  the  other. 
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F.  V.  Magalhaes:  Mr.  Brooks  has  analyzed  very 
thoroughly  the  magnitude  of  the  errors  that  creep  in 
due  to  bent  pointers.  Bent  pointei*s  can  occur  easily 
even  with  rather  careful  use  of  instruments,  but  I 
do  not  believe  that  Mr.  Brooks  has  pointed  out  the 
guard  for  the  error,  namely,  a  periodic  checking  of 
instruments  for  scale  check  in  addition  to  their  electrical 
accuracy.  These  scale  checks  should  be  made  periodi- 
cally irrespective  of  the  previous  known  history  of  the 
instrument.  Conditions  that  may  produce  bent 
pointers  are  not  always  reported,  and  it  is  safer  to 
keep  a  continuing  record  of  the  scale  of  the  instrument 
by  periodic  checks.  The  point  may  be  obvious,  but 
has  not  been  pointed  out  in  the  paper. 

On  page  555  Mr.  Brooks  comments  on  the  question 
of  permanency  of  the  constants  of  instrument  trans- 
formers. He  says  the  question  has  been  up  for  a 
number  of  years,  and  quotes  from  the  Electrical 
Meterman's  Handbook.  I  should  like  to  state  that 
while  at  the  time  the  Handbook  was  compiled  the 
recommendation  for  periodic  interval  of  ratio  test  was 
five  years,  a  sub-committee  of  the  Meter  Committee 
of  the  National  Electric  Light  Association  has  been 
working  practically  continuously  since  that  time, 
collecting  data  from  the  various  utilities  represented 
in  that  association  relative  to  instrument  transform- 
ers. The  last  two  reports  of  the  Meter  Committee 
of  the  National  Electric  Light  Association  presented 
some  of  these  results  although  no  final  conclusions 
were  drawn.  In  general,  a  period  of  ten  yeara  looks 
to  be  a  fairer  period  than  five  years  for  periodic  ratio 
check.  Some  State  Commissions  have  already 
changed  their  rule  from  five  years  to  ten  years  for  the 
periodic  tests. 

Mr.  Brooks  on  page  588  in  enumerating  various 
things  that  he  feels  should  be  brought  to  the  attention 
of  the  manufacturers  for  development,  makes  a  com- 
ment as  follows:  'The  use  of  a  much  greater  braking 
flux  would  have  the  further  advantage  of  giving  a 
lower  full-load  speed,  with  corresponding  reduction 
in  wear  of  pivots  and  jewels." 

With  meters  having  heavy  moving  elements,  it 
is  entirely  possible  to  use  diamond  jewels  with  a  good 
grade  of  steel  pivot,  and  obtain  satisfactory  service. 
It  is  a  question  whether  the  lowering  of  the  speed 
would  not  increase  errors  at  light  load. 

One  other  point — I  feel  it  is  a  matter  of  regret  that 
the  title  of  the  paper  ''Commercial  Electrical  Measure- 
ments" could  not  have  been  stretched  to  include  stop 
watches.     A  stop  watch  is  used  on  a  great  maxv^  ^1 
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the  field  tests  involving  electrical  instruments,  and 
personally  I  would  have  been  very  grateful  if  Mr. 
Brooks  had  analyzed  the  weaknesses  and  faults  of 
stop  watches  as  well  as  the  errors  that  might  creep 
into  their  use.  In  the  field  at  the  present  time  it  is 
about  all  that  can  be  used.  There  are  some  improved 
methods  of  timing  used  in  the  laboratory,  but  person- 
ally I  would  have  been  glad  to  have  had  Mr.  Brooks 
include  an  analysis  of  the  stop  watch  and  its  proper 
use  with  the  other  instruments  that  are  used  with  it. 

F.H.  Bowman:  Mr.  Brooks  uses  the  term  "per- 
manent-magnet moving-coil"  type  of  instrument. 
That  is  distinctly  descriptive.  That  is  nothing  more 
or  less  than  what  is  known  as  the  d'Arsonval  instru- 
ment. It  strikes  me  that  "d ' Arson val  instrument" 
is  entirely  descriptive.  We  have  analogy  for  that 
in  the  other  terms,  such  as  the  watt,  the  farad,  and 
others,  and  "d'Arsonval"  instrument  is  a  shorter  term 
than  the  one  used. 

Mr.  Brooks  speaks  also  of  an  electro-dynamic 
instrument,  or  electro-dynamometer  instrument.  That 
can  quite  well  be  shortened  to  dynamometer  instru- 
ment, which  is  a  reminiscence  of  the  old  Siemens 
dynamometer,  the  origin  of  the  instruments  of  the 
type  described. 

Furthermore,  we  have  the  phrase  "moving  iron 
instrument",  which  to  me  is  one  which  has  a  core  of 
iron.  There  might  be  recognized  the  repulsion  type 
of  iron  instrument,  where  there  is  a  repulsion  type  of 
moving  iron.  We  could  have  a  moving  type  of  iron 
instrument  and  the  repulsion  type  of  iron  instrument, 
which,  although  they  both  use  iron  in  their  structure 
are,  to  some  extent,  different. 

The  next  point  I  wish  to  raise  is  ,with  reference  to 
the  question  of  the  uniform  versus  the  non-uniform 
type  of  scale.  Mr.  Brooks'  conclusion  is  that  in  future 
designs  engineers  should  lead  toward  the  one  that, 
with  a  wattmeter  gives  a  perfectly  uniform  scale.  I 
think  for  a  voltmeter  it  will  give  a  scale  tending  more 
to  the  quadratic  or  square  scale.  That,  with  certain 
types  of  instruments,  lends  itself  to  a  uniform  scale. 
There  will  be  no  difficulty  in  making  the  d'Arsonval 
galvanometer,  or  anything  else,  substantially  uniform 
under  those  circumstances.  Call  it  either  dynamo- 
meter wattmeter,  or,  as  ^Ir.  Brooks  says,  electro- 
dynamic  type  of  instrument.  That  gives  all  of  our 
scale,  and  you  would  have  to  go  to  expedients  to  get  it 
other  than  uniform. 

On  the  other  hand  certain  types  of  instruments 
will  not  lend  themselves  to  the  quadratic  scale,  but 
are  a  sort  ot  mongrel. 
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When  I  am  buying  an  instrument,  rather  than  have 
the  manufacturer  attempt  to  sell  me  one  which  he  has 
pulled  and  hauled  and  twisted,  so  that  he  gets  one  not 
actually  uniform,  but  pulled  into  a  semblance  of 
uniformity,  at  the  sacrifice  of  toraue  or  eflBciency, 
I  would  prefer  the  natural  scale,  and,  in  fact,  I  think 
it  is  an  axiom  that  when  you  try  to  digress  from  a 
natural  law  you  are  apt  to  get  into  difficulties,  which 
leads  me  to  believe  if  you  have  a  certain  type  of  instru- 
ment, it  is  well  to  stick  to  the  natural  type  scale  for  that 
instrument,  especially  for  that  particular  kind  of 
instrument  you  are  working  with.  The  scale  which  is 
pointed  in  just  the  portion  that  you  wish  to  use  it,  for 
example,  in  the  voltmeter  around  the  100  volt  point. 
You  do  not  care  about  the  zero  part  of  the  scale  and 
care  little  or  nothing  about  the  divisions  from  130 
degrees  up.  You  are  interested  in  the  voltages  from 
100  to  115  and  naturally  prefer  to  have  that  rectified 
as  far  as  possible. 

As  regards  shifters,  I  am  not  sure  whether  Mr. 
Brooks  favors  them,  and  would  like  him  to  enlighten 
us.  In  any  event,  we  can  see  the  trend  of  instrument 
design  is  toward  the  use  of  zero  shifters,  for  both 
a-c.  and  d-c.  instruments.  I  would  prefer  an  instru- 
ment that  would  give  a  slightly  greater  adjustment 
than  the  one  or  two  angular  degrees  specified  in  the 
paper.  I  would  prefer  if  the  zero  shifter  itself  was  made 
mechanically  strong,  particularly  that  it  was  con- 
structed so  that  it  would  have  a  uniform  rotation,  that 
is,  it  would  not  be  a  zero  shifter  to  go  a  little  one  way 
and  go  against  a  stop  and  a  little  in  the  other  way  and 
go  against  a  stop.  The  zero  shifter  is  naturally 
weak,  and  when  you  put  it  against  an  obstruction  it 
sometimes  fails. 

As  a  conclusion  to  the  paper,  there  is  a  paragraph 
headed  ''Further  developments  desired."  Now, 
if  these  further  developments,  which  Mr.  Brooks 
points  out,  are  the  goal  to  which  the  instrument 
designers  should  strive,  then  expressing  that  idea,  as 
Mr.  Brooks  has,  advances  the  art.  If,  however,  a 
reading  of  that  gives  one  the  impression  that  there 
are  radical  defects  in  instruments  and  meters  as  how 
put  out,  then  I  believe  that  harm  has  been  done  to 
the  art. 

For  example,  on  the  subject  of  magnets.  Tungsten 
has  in  the  past  been  frequently  not  obtainable.  Chro- 
mium is  obtainable,  and  chromium  makes  a  good 
magnet; there  is  no  doubt  that  a  chromiiun  magnet 
is  as  permanent  as  a  tungsten  magnet.  The  question 
could  be  brought  up — why  was  not  chromiiun  used 
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in  the  beginning?  That  could  be  answered,  no 
doubt,  but  the  fact  remains  that  chromium  magnets 
are  as  permanent  as  tungsten  magnets,  other  things 
being  equal. 

As  regards  spring  material,  I  believe  there  is  little 
trouble  experienced,  with  the  fatigue  of  springs.  I 
would  consider  it  poor  practise  to  gold-plate  a  spring, 
because  the  spring  is  naturally  thin,  and  as  Mr.  Brooks 
points  out,  the  torque  depends  on  the  cube  of  the 
thickness,  and  if  on  the  outside  of  the  spring  we  add 
a  little  soft  electro  deposit  of  gold,  we  are  doing  what 
we  should  not  do,  making  the  outer  surface  soft  where 
it  ought  to  be  very  hard. 

Alexander  Maxwell:'  In  reading  Mr.  Brooks' 
paper,  and  others  which  have  been  presented  before 
dealing  with  •  commercial  electrical  measurements, 
one  notices  almost  invariably  that  the  electrical 
measurements  discussed  are  the  comparatively  re- 
fined measurements  made  in  commercial  laboratories; 
the  accuracy  of  field  measurements  is  not  often  dis- 
cussed. Certainly  it  is  difficult  to  discuss  field  measure- 
ments, as  it  becomes  mainly  a  discussion  of  personal 
errors,  but  nevertheless  it  is  important  to  keep  in 
mind  the  lower  accuracy  attainable  in  the  field.  In 
the  field  you  have  great  extremes  and  sudden  chan^ 
of  temperature,  poor  light,  observers  in  uncomfortable 
postures,  and  many  other  factors  all  tending  to  reduce 
the  attainable  accuracy.  I  think  that  it  should  go 
into  the  record  in  any  discussion  of  commercial  mea- 
surements that  field  measurements  are  always  ap- 
preciably less  accurate  than  measurement  made 
with  the  same  instruments  in  the  laboratory. 

Regarding  the  use  of  symbols  to  indicate  the  opera- 
ting principle  for  commercial  instruments,  it  occurs 
to  me  that  the  direct  and  simple  thing  to  do  would 
be  to  mark  the  type  of  movement  on  the  scale  or  on  the 
case  in  plain  English.  The  idea  is  good,  and  perhaps 
symbols  might  be  used,  so  long  as  they  were  better  tiian 
the  ones  shown  in  the  paper. 

H.  H.  Sticht:  Referring  to  Mr.  Brooks'  classi- 
fication of  instruments,  I  am  sure,  speaking  as  a  manu- 
facturers' agent,  that  most  manufacturers  would  be 
glad  to  see  such  classification  made,  because  in  a  great 
many  cases  instruments  are  sold  under  false  pretense. 

Reference  is  made  to  the  periodical  checking  of 
instruments.  The  use  of  electrical  measuring  instru- 
ments in  industrial  plants  is  increasing  very  rapidly, 
but  in  this  class  of  users  it  is  not  generally  recognized 
that  instruments  should  be  tested.  Although  the 
Meterman's  Handbook  mentions  this,   I  think  Mr. 
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Brooks  has  done  well  to  bring  it  to  the  attention  of 
engineers  and  electricians  who  are  not  connected  with 
central  stations. 

Mr.  Brooks'  suggestion  for  the  zero  adjuster  is 
very  good,  particularly  for  the  industrial  man,  as 
distinguished  from  the  central  station  man,  who  as 
a  rule  does  not  have  a  standard  instrument  for  checking 
purposes.  If  such  a  man  keeps  on  bringing  the  pointer 
back  to  zero,  by  means  of  the  adjuster,  whenever  he 
bends  the  pointer,  he  will  never  find  out  that  his 
instrument  is  incorrect  and  therefore  continue  to  use. 
it  as  an  accurate  instrument.  On  the  other  hand, 
in  the  instrument  business  as  in  everything  else  you 
get  what  you  want;  in  many  cases  the  consiuner  wants 
as  large  a  zero  adjustment  as  possible,  and  the  manu- 
facturer has  to  make  it.  During  the  war  we  had  a 
number  of  instruments  rejected,  because  they  had  but 
two  per  cent  zero  adjustment.  I  think  that  this  is  the 
reason  why  most  manufacturers  put  in  more  than  the 
amount  specified  in  the  paper. 

As  far  as  symbols  are  concerned,  I  think  something 
should  be  placed  on  the  scale,  as  suggested  by  Mr. 
Brooks.  I  do  not  care  whether  it  is  a  symbol,  or 
whether  the  name  is  there,  but  to  the  large  number  of 
users  in  industrial  work  a  voltmeter  is  a  voltmeter. 
It  is  for  this  reason  that  I  believe  a  symbol  or  name  on 
the  scale  would  have  a  good  effect,  since  a  man  would 
then  know  if  he  were  working  with  a  d'Arsonval, 
soft  iron,  or  dynamometer  instrument. 

B.  W.  St.  Clair :  I  want  to  say  a  good  word  for  the 
present  product  of  the  American  instrument  makers. 
There  are  plenty  of  test  instruments  in  the  market 
today  that  are  thoroughly  reliable,  and  accurate. 
If  rightly  handled  and  carefully  treated  they  can  be 
depended  upon  for  very  consistent  and  accurate 
results.  I  have  watched  the  performance  of  some 
five  or  six  thousand  of  them  in  use  every  day  on  all 
kinds  of  testing,  and,  except  in  those  cases  where 
they  are  misused  or  abused,  their  performance  is 
perfectly  satisfactory.  This  applies  to  the  better  grade 
of  instruments,  for  it  must  be  acknowledged  that 
there  are  some  types  much  advertised  that  are  subject 
to  many  troubles. 

The  first  point  I  wish  to  mention  has  to  do  with 
instrument  scales  and  zero  adjustments.  Zero  ad- 
justments were  never  put  on  instruments,  and  especi- 
ally a-c.  instruments,  to  correct  for  bending  of  the 
needles.  The  proper  cure,  and  in  fact  the  only  cure 
for  a  bent  needle  is  to  straighten  it.      If  an  attempt  is  i 

made  to  bring  the  needle  back  to  zero  with  the  zero  "  ' 

shifter  the  n^le  will  not  line  up  with  tYve  d\NmQfts&% 
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Under  these  conditions  it  is,  of  course,  possible 
to  make  large  errors  in  readings.  Zero  adjustments 
are  designed  to  take  care  of  changes  in  the  spring 
regulators  or  to  correct  for  internal  changes  in  the 
spring  that  affect  its  zero  position. 

As  r^g^rds  scales  of  a-c.  instruments  it  seems  to 
me  that  there  are  some  advantages  to  logarithmic 
scales.  It  makes  possible  the  taking  of  readings  at 
most  any  part  of  the  scale  with  equal  accuracy.  Al- 
ternating-current voltmeters  are  used  generally  for 
voltages  between  100-120,  200-240,  etc.,  and  it  would 
seem  a  desirable  practise  to  make  the  readability  over 
this  range  as  great  as  it  can  be  by  closing  up  the  scale 
beyond  these  points.  Voltmeters  are  hence  an  ex- 
ception to  this  logarithmic  scale.  In  wattmeters 
where  the  total  scale  range  will  be  needed,  the  logarith- 
mic scale  enables  a  given  amount  of  testing  to  be 
gotten  out  with  a  minimum  number  of  instruments. 
In  Fig.  2  of  the  paper  are  shown  two  wattmeter 
scales,  one  evenly  divided  and  one  logarithmic.  For 
ordinarv  testing  it  would  be  possible  to  use  the  logarith- 
mic scale  from  100  to  500  watts  or  a  range  of  values  of 
5:1.  On  the  other  hand  it  would  only  be  possible  to 
use  the  evenly  divided  scale  from  50  to  150  watts  or 
a  range  of  3  :  1.  In  the  first  case  the  precision  of 
reading  in  per  cent  would  be  approximately  constant 
while  in  the  latter  it  would  increase  from  a  relatively 
low  value  to  a  maximum  at  full  scale. 

I  cannot  agree  with  the  author  that  it  is  easier  to 
mark  uniform  scales  than  logarithmic.  In  the  manu- 
facturing of  high  grade  instruments,  each  instrument 
has  its  own  individually  calibrated  scale,  whether 
uniform  or  logarithmic.  The  actual  dividing  of  the 
scale  into  the  proper  divisions  between  the  cardinal 
points  is  done  by  jigs,  and  it  is  just  as  easy  to  divide  a 
non-uniform  scale  as  a  uniform  one. 

I  also  want  to  say  a  good  word  for  the  comp^isar 
ting  wattmeter.  I  am  afraid  you  may  have  received 
a  wrong  impression  as  to  its  ability  to  hold  its  calibra- 
tion. It  is  true  that  the  compensating  feature  is  one 
that  requires  very  careful  adjustment,  but  once  that 
adjustment  is  made  it  is  very  permanent.  It  is 
something  that  depends  only  upon  the  geometry  of  the 
instrument,  and  the  constancy  of  a  resistance.  Both 
these  factors  are  highly  permanent  ones.  This  com- 
pensating feature  is  independent  of  springs,  magnets 
or  other  things  whose  permanency  might  be  doubted. 

The  question  of  pivots  and  jewels  is  one  that  is 
discussed  whenever  meter  and  instrument  men  get 
together.    However,  it  is  one  of  the  least  sources  of 
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trouble  in  either  a  meter  or  an  instrument  if  they  are 
treated  with  a  certain  degree  of  attention  and  respect. 
Instrument  bearings  never  wear  out.  Meter  bearings 
very  seldom  do.  I  have  seen  diamond  meter  bearings 
carrying  150  grams  load  at  180  rev.  per  min.  that 
have  made  600,000,000  revolutions  with  no  sign  of 
wear.  While  instrument  bearings  do  not  wear  out 
they  are  easily  damaged .  To  reduce  the  friction  torque 
to  a  minimum  it  is,  of  course,  necessary  to  reduce 
the  radius  of  the  area  of  contact  between  the  jewel 
and  the  pivot  as  near  to  zero  as  possible.  In  well 
made  bearings  this  may  be  so  small  that  even  with  a 
moving  element  weight  of  from  5  to  10  grams  the 
pressure  per  square  centimeter  is  of  from  100,000  to 
250,000  kilograms.  Because  of  the  small  area  of 
contact  and  the  enormous  pressure  that  the  contact 
is  under,  rough  treatment  imposes  enormous  crushing 
forces  upon  the  pivot  even  with  very  light  moving 
elements.  A  very  little  jar  is  sufficient  to  upset  the 
end  of  the  pivot,  i.  e,,  "mushroom"  it.  This  results 
in  an  enormous  increase  of  the  area  of  contact  and  a 
big  increase  in  the  friction  torque.  The  ability  of 
an  instrument  to  withstand  jars,  depends  upon  the 
quality  of  engineering  and  the  manufacturing  skill 
that  goes  into  the  bearing.  For  this  reason  the  oft 
repeated  phrase, — "the  ratio  of  torque  to  weight" 
is  a  very  fictitious  criterion  of  instrument  quality. 
I  am  afraid  we  have  been  too  prone  to  judge  an  instru- 
ment by  this  quantity  without  paying  due  regard 
to  other  factors  of  more  importance.  It  is  possible 
to  secure  high  torque  at  the  sacrifice  of  other  desirable 
qualities.  Besides  torque  such  things  as  freedom 
from  temperature  errors,  frequency  errors,  low 
power  factor  errors,  and  the  like  must  be  considered. 
In  a-c.  instruments  (and  it  is  only  there  that  there  is 
any  excuse  for  relatively  heavy  moving  elements) 
the  uncertainty  of  reading  on  account  of  the  bearing 
friction  is  much  reduced  by  the  slight  vibration  given 
the  entire  moving  system. 

Then  a  word  about  magnets.  There  are  other 
things  in  magnet  steel  that  should  be  considered  in 
the  selection  of  materials  for  instrument  magnets, 
besides  coercive  force  and  permanence.  High  per- 
manence is  desirable,  for  high  permanence  means 
high  torque.  Large  coercive  force  is  also  desirable 
for  that  means  large  permanence  under  demagnetiza- 
tion. But  more  important  especially  than  coercive 
force,  is  the  manner  in  which  the  B  —H.  curve 
crosses  the  B  axis.  Other  things  being  normal,  that 
steel  which  approaches  nearest  to  a  right  angle  inter- 
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section  of  this  axis  has  the  highest  permanence  when 
made  up  into  an  instrument.  The  demagnetizing 
forces  that  an  instrument  meets,  are  in.  general  not 
40  or  60  H,  but  are  relatively  weak  forces,  and  it  is 
therefore,  more  necessary  to  have  the  steel  show  small 
changes  under  these  forces  than  it  is  to  have  it  show  a 
high  absolute  coercive  force.  Another  point  that  needs 
consideration  is  the  ease  of  working  and  the  necessity 
of  working  to  close  limits  of  temperature,  and  other 
factors.  Steels  which  show  high  breakage  losses 
during  hardening  and  grinding  are  not  desirable 
manufacturing  materials. 

Our  present  steels  are  very  permanent.  d'Arsonval 
types  of  instruments,  when  well  made,  and  when  not 
abused,  show  inappreciable  yearly  changes  of  calibra- 
tion. Watthour  meter  magnets,  whose  variation  in 
strength  affects  the  accuracy  of  the  meter  as  the  square 
of  flux  changes  cause  no  apparent  speeding  up  irom 
year  to  year.  The  point  is  this:  Our  present  steels 
are  very  trustworthy  when  properly  made  and  treated. 
The  measurement  art  is  not  suffering  because  of  low 
grade  permanent  magnets.  Better  materials  are  al- 
ways acceptable,  but  there  is  no  cause  for  a  general 
worry  on  the  part  of  meter  and  instrument  users  that 
their  measuring  equipment  is  in  unstable  calibration. 
There  has  been  much  agitation  over  the  general 
substitution  of  chrome  steel  for  tungsten  steel  duriag 
the  war.  Chrome  steel  gives  magnets  that  are  just 
as  permanent  as  tungsten  steel.  There  is  little  choice 
between  them  from  a  magnetic  standpoint.  In 
general,  the  average  permanence  of  chrome  is  slightly 
lower  than  tungsten  steel,  and  the  coercive  force 
slightly  higher.  It  is  very  doubtful  if  there  will 
ever  be  a  general  return  to  the  use  of  tungsten  steel. 

A.  L,  Ellis:  About  the  matter  of  bent  pointers 
and  the  zero  adjuster  for  correcting  the  trouble,  it 
should  be  borne  in  mind  that  a  good  instrument 
does  not  have  a  pointer  that  is  easily  bent.  The  thin 
tip  on  the  pointer  is  necessary  in  order  to  be  able  to 
read  the  scale  closely,  but  the  remainder  of  the  pointer 
should  be  strong  enough,  and  is  strong  enough,  in 
practically  all  instruments,  to  maintain  its  form. 
Applying  zero  adjusters  to  instruments  is  a  matter  of 
choice.  If  the  zero  adjuster  is  put  on  an  a-c.  instru- 
ment it  should  only  be  used,  as  Mr.  St.Clair  has  pointed 
out,  for  correcting  a  shift  of  the  control  spring,  and 
not  a  shift  due  to  a  bent  pointer.  The  zero  adjuster 
would  be  useful,  however,  in  certain  types  of  a-c. 
instruments,  notably  switchboard  instruments,  where 
t  could  be  used  as  an  adjustment  for  correcting  a 


1920)  DISCUSSION  607 

scale  error  at  a  particular  point  when  the  instrument  is 
being  checked,  but  in  this  case  it  would  probably  be 
useful  only  for  voltmeters. 

With  reference  to  the  frequency  with  which  instru- 
ments should  be  checked,  much  depends  upon  their  use. 
Frequently  a  high  grade  instrument  will  be  kept  in 
a  laboratory  and  referred  to  only  for  rough  measure- 
ments, in  which  case  it  would  not  be  necessary  to 
check  the  calibration  in  many  years  simply  because 
a  high  degree  of  accuracy  is  not  required.  In  cases 
where  instnmients  are  used  to  turn  out  quantity 
production  in  a  manufacturing  plant,  frequent  check- 
ing is  required  to  insure  uniformity  of  product  and 
guard  against  an  error  due  to  accidental  damage  of 
the  instrument. 

With  regard  to  the  scale  divisions — ^the  character 
of  the  scale  on  an  instrument  can  be  varied  somewhat 
at  will,  depending  upon  the  position  of  the  moving 
and  stationary  parts  with  respect  to  one  another  at 
the  starting  point.  This  matter  has  been  fairly  well 
discussed. 

With  reference  to  magnet  steel — chromium  magnet 
steel,  as  a  matter  of  fact,  gives  just  what  Mr.  Brooks 
asks  for  as  compared  with  tungsten,  that  is,  greater 
coercivity.  Having  that,  you  naturally  expect  a  more 
permanent  magnet. 

As  to  the  electrostatic  field  from  the  case,  the 
metallic  cases  in  most  instruments  are  grounded  to  the 
moving  system  so  that  there  should  not  be  any  trouble 
from  this  source. 

With  reference  to  the  interference  of  unshielded 
d-c.  instruments  with  one  another,  it  should  be  borne 
in  mind  that  one  can  easily  get  into  trouble  where 
only  one  instrument  is  used.  The  unshielded  d'Arson- 
val  instrument  is  in  error  0.3  of  a  division  at  full 
scale  deflection,  (1/5  of  1  per  cent)  depending  upon 
whether  the  instrument  faces  east  or  west,  due  simply 
to  the  normal  earth's  field.  It  may  be  much  greater 
in  New  York  City. 

One  word  about  springs.  Phosphor  bronze  control 
springs  give  no  trouble  whatever  as  regards  oxidation 
if  the  instrument  designer  and  instrument  user  keep 
sulphur  away  from  them. 

Harvey  P.  Sleeper:  I  think  there  are  perhaps 
one  or  two  points  to  be  considered  in  the  use  of  a 
polyphase  meter  to  measure  the  power  in  a  three- 
phase  circuit;  for  example,  if  we  use  the  two  watt- 
meter methods,  you  then  have  two  meters  in  place  of 
one  to  read.  Of  course,  that  is  a  difficult  operation 
for  one  person,  particularly  when  the  poirvteT^  xw^j 
land  at  different  points  on  the  scale. 
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The  matter  of  the  sectional  shunt  is  interesting  to 
me.  It  is  stated  in  the  paper,  and  very  correctly, 
that  the  trouble  is  confined  in  the  manufacture  of 
heavy  capacity  shunts.  This  is,  of  course,  true,  but 
it  occurs  to  me  that  the  trouble  which  is  encoimtered 
in  balancing  the  potential  between  the  sections  of  the 
shunt  by  use  of  the  potential  leads  could  be  offset  by 
putting  the  additional  effort  into  the  manufactiu^  of 
the  shunt  as  a  single  unit,  that  is,  not  in  sections. 

With  regard  to  the  matter  of  a  compensating  watt- 
meter, it  might  be  of  interest  to  the  operating  man  to 
suggest  that  it  is  only  on  the  smaller  capacity  meters 
that  the  compensated  winding  really  comes  mto  any 
practical  effect,  and  that  the  power  consumption  on 
the  heavy  capacity  windings  is  really  negligible. 

In  regard  to  the  symbol  suggested  for  the  marking 
of  instruments  to  indicate  their  type,  I  think  that  is 
an  excellent  idea.  A  meter  should  not  be  a  mysteiy 
to  a  man,  and  he  should  be  able  by  inspection  to  tell 
what  type  of  movement  it  is,  and  I  think  this  system 
of  marking  offers  a  very  simple  solution  of  it. 

H.  B.  Brooks:  Taking  up  Mr.  Pratt's  remarks,  I 
wish  to  say  that  I  did  not  intend  to  give  a  bad  impres- 
sion by  saying  so  much  about  the  errors  of  instruments, 
in  fact,  I  strove  to  be  diplomatic,  and  I  said  "factors 
affecting  the  accuracy  of  the  instrument."  I  do  not 
wish  to  be  an  alarmist,  but  I  feel  that  if  we  understand 
our  enemy,  we  have  him  half  conquered,  and  if  the 
user  understands  just  where  he  may  get  into  trouble 
with  an  instrument,  he  will  know  what  to  do  to  avoid 
that  trouble. 

Mr.  Pratt  and  several  othei*s  have  said  that  instru- 
ments are  protected  electrostatically  if  the  case  is  con- 
nected to  the  moving  system.  Direct-current  volt- 
meters in  which  the  brass  case  is  set  on  a  mahogany 
base,  do  not  have  this  connection,  at  least  those  I  have 
knowledge  of  have  no  connection  between  the  circuits 
and  case.  The  reason  is  obvious.  The  brass  case  is 
where  it  may  be  touched  by  the  operator  and  the  leads 
may  drop  on  it.  The  suggestion  in  my  paper  would 
obviate  the  difficulty—it  is  to  put  an  insulating  lining 
in  the  case  and  inside  of  that  a  metal  lining  which  is 
connected  to  the  circuit,  and  in  this  way  you  can  be 
free  from  electrostatic  trouble,  and  free  from  trouble 
from  accidental  contact. 

A  number  of  speakers  have  touched  on  the  matter  of 
zero-adjusting  devices,  and  it  has  been  stated  that  my 
suggestion  is  difficult  to  carry  out.  By  having  a  double 
adjustment,  so  that  within  the  instrument  you  could 
make  a  relatively  large  shift — which  would  be  used  by 
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the  makers, — ^and  then  another  secondary  adjust- 
ment of  one  or  two  degrees,  which  the  user  can  effect, 
the  maker  can  use  his  discretion  in  setting  his  part  of 
the  double  adjustment,  and  that  will  give  him  all  the 
latitude  he  needs  for  manutacturing  conditions.  Under 
these  circumstances  the  user  would  have  only  a  small 
margin.  If  the  pointer  should  be  bent  it  should  be  nec- 
essary to  open  the  case  and  straigthen  it  out,  and  it 
should  not  be  possible  to  pull  a  bent  pointer  back  on  to 
zero  with  the  external  zero  adjuster. 

Several  speakers,  including  Mr.  Pratt,  have  men- 
tioned that  polyphase  wattmeters,  in  practise,  often 
give  more  accurate  results  than  two  wattmeters.  I 
agree  with  that.  I  do  not  wish  to  say  a  word  against 
the  polyphase  wattmeter,  but  only  to  point  out  tnat  il 
is  not  commercially  possible  for  the  maker  to  get  as 
good  an  accuracy  with  it  as  with  the  single-phase  watt- 
meter of  similar  type. 

Mr.  Pratt  speaks  ot  the  use  of  a  moving-iron  instru- 
ment for  certain  circuits,  because  we  are  more  con- 
cerned with  the  root-mean-square  value,  and  that  the 
iron  instrument  is  better.  I  agree  with  him  there. 
Ordinarily,  however,  when  we  make  measurements  of 
current  in  a  direct-current  circuit,  we  are  interested 
in  the  arithmetic  mean,  as  in  charging  a  storage  battery 
from  a  pulsating  circuit. 

Mr.  Pratt  states  that  watthour  meters  have  been 
developed  with  no  limits  to  the  expense.  He  referred 
particularly  to  direct-current  watthour  meters,  and  it 
was  to  those  that  I  referred  when  I  suggested  that 
they  looked  too  much  like  Dr.  Thompson's  device. 
My  answer  would  be,  evidently  we  have  worked  that 
principle  to  the  limit,  and  it  seems  we  need  some  entirely 
new  development  in  the  direct-current  metering  art. 
I  might  take  this  illustration  from  Dr.  Whitney.  Orig- 
inally we  had  speaking  tubes,  and  we  might  have  con- 
ducted a  research  into  the  various  factors  on  speaking 
tubes,  to  find  out  what  was  the  best  type  of  tube,  and 
best  material,  but  someone  came  along  and  said — 
"Let  us  shrink  the  tube  to  a  wire,"  and  Graham  Bell 
reduced  the  tube  to  a  wire.  Somebody  else  got  in- 
terested in  the  matter — ''Let  us  do  away  with  the  wire 
entirely  and  talk  through  space."  Apparently  we 
need  to  do  something  of  that  kind  with  the  direct- 
current  metering  art  and  get  some  radically  new  propo- 
sition. 

Mr.  Pratt  and  others  spoke  of  the  chromium  steel 
magnets.  I  regret  that  my  statements  were  not  suf- 
ficiently clear  on  this  point.  I  did  not  intend  to  reflect 
on  chromium  steel  magnets,  because  I  have  been  in- 


610  U.  H.  BROOKS  [Feb.  20 

formed  that  about  the  only  limitations  are  that  the 
manufacturing  operations  must  be  kept  within  sharper 
limits.  You  nave  not  the  same  wide  latitude  as  to 
heat  treatment  and  temperatures  as  with  tungsten  steel, 
and  the  feeling  is,  apparently,  that  if  you  will  take  pains 
in  the  manufacture,  you  can  make  good  chrome  steel 
magnets.  I  simply  wanted  to  caution  users  of  meters 
manufactured  in  war  time  to  keep  the  point  in  mind, 
and  to  see  what  chromium  magnets  would  do  in  service. 

In  regard  tothegoldplatingot  springs.  I  would  say  that 
the  thickness  of  gold  which  would  be  necessary  to 
protect  against  corrosion  is  so  microscopically  small 
that  its  effect  upon  the  elastic  properties  would  prob- 
ably be  negligible.  The  bronze  will  give  the  necessary 
elasticity,  and  a  very  thin  film  of  gold  will  protect  it. 
Mr.  Ellis  referred  to  the  fact  that  phosphor  bronze 
springs  would  not  corrode  if  we  would  keep  sulphur 
away.  Some  makers,  at  least,  have  put  sulphur  in  in- 
struments by  using  hard  rubber  parts,  and  at  one  time 
soft  rubber  was  used,  which  is  also  capable  of  ^ving 
out  sulphur.  I  have  seen  cases  in  which  the  sulphur 
from  rubber  tubing  had  blackened  the  springs.  In- 
struments are  frequently  used  in  laboratories  where  the 
products  of  combustion  of  illuminating  gas,  which  con- 
tain sulphur,  are  allowed  to  diffuse  into  the  atmosphere. 
Therefore,  I  think  we  should  have  some  protection  for 
the  springs.  Mr.  Pratt  mentioned  the  fact  that  watt- 
hour  meters  have  been  developed  after  much  investi- 
gation. I  do  not  wish  to  champion  the  "super-meter" 
unduly,  but  I  think  this  suggestion  of  the  Italian  en^- 
neer  is  a  novel  one,  and  we  should  consider  the  advis- 
ability of  spending  $30  or  $40  or  $50  for  a  meter  to 
measure  large  quantities  of  energy  which  involve  the 
accounting  for  thousands  of  dollars  per  month.  The 
matter  might  well  be  investigated  to  see  how  much 
better  meters  could  be  made  if  we  increased  the  brak- 
ing flux  and  used  a  superior  grade  of  steel  in  the  electro- 
magnet. 

Mr.  Craighead  spoke  of  the  use  of  the  term  "phase- 
angle"  in  connection  with  instrument  transformers.  I 
agree  that  if  you  get  away  from  the  physics  of  the 
transformer,  and  consider  it  as  an  iron  box.  wilii  pri- 
mary and  secondary  leads,  you  can  think  of  your  sec- 
ondary voltage  as  in  phase  with  the  primary  voltage. 
That  is  easy,  but  this  matter  comes  up  in  other  ways. 
For  example,  we  have  condensers  which,  on  a  sinu- 
soidal voltage,  should  take  a  cuirent  leading  by  90  deg., 
but  actually  tne  current  does  not  lead  exactly  90  deg., 
and  the  small  angle  by  which  it  departs  from  90  deg., 
we  have  been  calling  the  phase-angle.    We  need  an  ex- 
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pression  which  shall  signify  the  little  angle  by  which  a 
quantity  departs  from  some  ideal  angle.  At  the  Bureau 
of  Standards  we  have  talked  that  over  a  number  of 
times,  and  have  suggested  such  terms  as  "angle  of 
defect/'  which  sounds  bad,  and  this  suggestion  of  an^le 
of  bias"  is  only  thrown  out  to  see  what  you  think  T)f  it. 

Mr.  Craighead  spoke  of  the  limitations  on  building 
and  testing  high-voltage  potential  transtormers  and  I 
am  interested  to  know  that  he  has  gone  to  45  kilovolts 
and  expects  to  go  to  70  kilovolts.  The  figure  of  30 
kilovolts  which  I  mentioned  was  what  we  nave  been 
able  to  do,  and  where  we  felt  we  ought  to  stop  for  the 
present.  I  do  not  doubt  that  we  might  go  further  than 
that,  and  with  transmission  voltages  going  up  faster 
than  we  can  keep  up  with  them,  it  seems  evident  that 
we  must  consider  radical  improvements  in  methods 
of  measuring  high  voltage. 

Mr.  Craighead  spoke  of  the  use  of  the  kenotron  and 
electrostatic  voltmeter  to  get  the  crest  value  of  voltage. 
Limitations  on  the  space  available  for  my  paper  pre- 
vented me  from  saying  much  about  the  crest  voltmeter, 
though  it  is  an  important  subject  in  which  I  am  much 
interested.  Dr.  Silsbee  of  the  Bureau  of  Standards  is 
using  that  method  for  measuring  the  peak  of  the  voltage 
induced  in  magneto  armatures  and  seems  to  find  it  a 
good  method.  * 

Mr.  Craighead  takes  me  to  task  for  saying  that  we 
should  have  a  small  phase  angle  in  current  transformers. 
I  agree  with  him  that  a  zero  phase  angle  is  desirable, 
but  I  did  not  want  to  ask  for  too  much,  and  asked  for  a 
small  constant  angle.  The  value  zero  is  certainly 
small,  and  I  will  be  glad  to  accept  that  in  any  trans- 
former which  Mr.  Craighead  turns  out  for  me. 

Mr.  Craighead  said  that  the  ruggedness  of  the  wind- 
ings is  not  related  to  the  inherent  accuracy.  Looking 
at  it  from  the  understanding  he  got  from  my  statement, 
I  agree  with  him,  but  I  did  not  mean  it  in  the  way  in 
which  he  took  it.  Suppose  I  put  it  in  this  way.  Let 
two  iron  cores  identical  in  form  and  material  be  sub- 
mitted to  two  persons,  one  a  manufacturer  who  has  had 
experience  and  will  put  in  the  right  kind  of  insulation 
in  the  right  way  to  make  it  a  gocncl  rugged  transformer, 
and  let  the  other  be  wound  with  the  same  number  of 
turns  of  the  same  size  of  wire,  by  an  amateur.  Then 
what  I  have  called  the  inherent  accuracy,  which  depends 
on  iron  performance  and  turns,  etc.,  will  be  the  same  for 
both  transformers.  The  service  accuracy  after  a  short 
circuit  hits  the  transformers  will  be  very  different,  and 
doubtless  the  accuracy  of  the  well-made  transformer 
will  be  greater,  but  I  am  speaking  only  of  the  inherent 
performance  which  will  be  shown  on  a  \a\iOTa.\,oT^  V^'sX, 
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Mr.  Craighead  spoke  ot  my  quotation  from  Mr. 
Edgcumbe  in  regard  to  the  number  of  ampere  turns 
necessary  for  a  good  current  transformer.  I  am  aware 
that  is  a  sort  of  empirical  way  of  stating  the  case.  But 
the  user  has  tew  criteria  for  selecting  transformers,  and 
if  he  can  put  in  his  specification  that  the  ampere-turns 
must  not  be  less  than  1000  or  1200,  he  is,  at  least,  pro- 
tected from  a  manufacturer  who  might  put  out  a 
500-ampere-turn  transformer.  That  is  merely  a  start, 
in  the  way  of  telling  the  user  what  he  ought  to  have,  in 
order  to  get  good  results.  The  value  1200  ampere- 
turns,  which  1  quoted,  is  expressly  stated  not  to  be  an 
upper  limit. 

I  am  glad  Mr.  Craighead  corrected  me  in  regard  to  the 
statement  with  reterence  to  opening  the  secondary  cir- 
cuit. That  caution  has  been  common  from  the  time  I 
can  remember  working  with  current  transformers,  and 
I  am  glad  the  rules  now  require  the  transfomer  to  be  so 
built  that  it  can  have  the  secondary  open.  Neverthe- 
less, we  should  strive  to  educate  the  user  to  keep  the 
secondary  circuit  closed. 

In  regard  to  the  matter  of  correction  formula  for 
wattmeters,  I  think  Mr.  Craighead's  formula  has  per- 
haps some  points  in  which  it  does  not  quite  come  up  to 
the  Drysdale  additive  correction.  The  great  advan- 
tage of  the  Drysdale  formula  is  that  it  gives  you  so 
much  at  a  glance.  If  you  will  put  the  term  cos  a  equal 
to  unity,  the  remaining  formula  tells  at  a  glance  the 
magnitude  of  the  error  in  watts,  and  you  can  readily 
express  it  in  divisions  at  full  volt-amperes. 

The  compensation  of  phase  angle  in  the  current 
transformer,  of  which  Mr.  Craighead  spoke,  using  a 
tertiary  winding  on  the  transformer,  is  a  device  that 
is  well-known;  at  least  it  is  on  record  in  the  patent 
literature.  It  requires  to  be  adjusted  by  some  means 
which  would  enable  you  to  know  when  you  had  zero 
phase  angle.  This  limitation  would  tend  to  prevent  its 
general  application. 

In  regard  to  the  matter  of  multiple  ranges  in  current 
transformers,  we  have  found  at  the  Bureau  of  Standards 
that  in  such  transfoi-mers  from  good  makers,  the  rela- 
tive ratios  are  very  accurately  what  they  should  be 
when  the  links  are  changed  to  give  different  connec- 
tions. If  the  sections  of  the  primary  winding  are 
properly  distributed  over  the  core,  you  might  as  an 
extreme  case  have  three  sections  open  out  of  four, 
and  all  the  current  going  through  the  remaining 
section,  with  pi*actically  no  eiTor,  and  the  only  dis- 
advant:ajLre  would  be  the  excessive  heating  of  that 
one  section. 
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The  excessive  value  of  69  minutes  was  for  a  25-cycle 
potential  transformer  and  I  think  Mr.  Craighead  has 
suggested  the  reason,  namely,  that  the  transformer  was 
designed  with  too  high  a  value  of  the  flux  density. 

In  regard  to  the  matter  of  conventions  as  to  alge- 
braic sign  to  be  used  in  connection  with  wattmeter 
measurements,  the  important  thing  is  to  agree  on  some 
standard  convention  and  then  to  have  everybody 
use  it. 

Mr.  Peck  gave  an  interesting  illustration  of  an 
acceptance  test  in  which  a  wattmeter  differed  by  0 . 4 
per  cent,  before  and  after  the  test.  This  tends  to 
confirm  the  statement  that  we  need  a  radically  better 
type  of  alternating-current  instrument  for  such  work. 

Mr.  Magalhaes  states  that  bent  pointers  can  occur 
easily  and  that  scale  checks  should  be  frequently  made. 
I  agree  with  that,  and  would  suggest  that  we  use  the 
type  which  will  give  the  least  error  if  the  pointer  does 
get  bent,  and  also  that  we  should  in  addition  make  the 
scale  checks. 

Mr.  Bowman  apparently  does  not  like  the  term 
''permanent-magnet  moving-coil."  I  do  not  like  the 
length  of  it  myself,  but  have  not  been  able  to  think  of 
any  other  term  that  properly  describes  the  type.  The 
term  "moving  coil"  would  also  apply  to  electrodynamic 
wattmeters  and  voltmeter,  and  is  therefore  ambiguous 
unless  further  qualified.  I  do  not  think  the  term 
d'Arsonval  should  be  used  for  several  reasons.  In  the 
first  place,  the  d'Arsonval  galvanometer  was  antici- 
pated many  years  by  Lord  Kelvin's  siphon  recorder, 
which  is  simply  the  d'Arsonval  galvanometer,  plus  a 
little  glass  tube  carrying  ink.  Personally,  if  I  were  to- 
give  the  name  of  any  man  to  that  instrument,  it  would 
be  the  name  of  that  great  pioneer  who  thirty  years  ago 
showed  us  how  to  make  servicable  instruments — Dr. 
Weston.  Instead  of  applying  the  names  of  individuals 
to  types  of  instruments,  however,  I  prefer  descriptive 
terms,  such  as  hot-wire,  moving-iron,  and  the  like. 

I  think  the  term  "electrodynamic"  is  preferable  to 
dynamometer  because  dynamometer  is  a  noun,  and 
when  we  have  a  good  adjective,  we  are  hardly  justified  in 
using  a  noun  as  an  adjective.  Furthermore,  the  deri- 
vation of  the  word  "dynamometer"  suggests  the  measure- 
ment of  force  and  does  not  bring  in  the  idea  of  electric 
action.  The  term  "electrodynamic"  is  not  long  and 
includes  everything. 

Mr.  Bowman  spoke  of  the  fact  that  we  need  another 
term  rather  than  moving-iron  for  the  repulsion  type  of 
instrument.  As  I  see  it,  both  the  so-called  plunger 
type,  in  which  a  solenoid  attracts  a  core,  and  the  re- 
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pulsion  tjrpe  in  which  there  is  one  soft-iron  piece  within 
a  coil,  which  is  repelled  by  another,  are  simply  two 
kinds  of  moving-iron  instruments, — tne  essential  thing 
is  that  each  has  a  piece  of  iron  which  moves. 

I  agree  with  Mr.  Bowman  that  the  natural  scale  law 
of  the  instrument  should  not  be  unduly  modified  at  the 
expense  of  efficiency.  This  has  been  shown  by  the  ex- 
perience of  a  maker  of  induction  ammeters,  who  at  one 
time  forced  these  instruments  to  give  an  approximately 
uniform  scale,  but  who  has  returned  to  the  quadratic 
scale. 

I  heartily  favor  the  use  of  zero  adjusters.  They  are  a 
great  convenience.  I  only  want  the  maker  and  user  to 
bear  in  mind  the  difficulties  that  may  arise,  and  guard 
against  them. 

Mr.  Maxwell  spoke  of  the  fact  that  field  measure- 
ments have  not  been  touched  on,  and  that  there  is  an 
unknown  extra  amount  of  error  in  the  use  of  an  instru- 
ment in  the  field  as  compared  with  its  use  in  the  testing 
room.  That  is  true,  and  I  hope  that  those  who  have 
had  extensive  experience  with  field  tests  will  collect  and 
publish  definite  data  on  this  subject  in  the  near  future. 

I  think  that  symbols  to  denote  the  operating  principle 
of  instruments  are  better  than  words,  for  this  reason — 
we  are  going  to  manufacture  things  not  for  America  only, 
but  for  the  world,  and  our  export  trade  in  measuring 
instruments  should  greatly  increase.  I  think,  therefore, 
that  some  symbol  that  suggests  to  the  user  what  the 
instrument  is  like  is  much  better,  and  if  proi)erly  chosen 
it  can  be  understood  by  a  man  who  cannot  read  the 
language  of  the  instrument  maker.  I  do  not  advocate 
the  particular  symbols  shown  in  my  paper,  which  are 
given  merely  to  show  what  has  been  done. 

I  am  glad  to  note  that  Mr.  Sticht  advocates  the  idea 
of  a  classification  ot  instruments.  Ten  years  ago,  a 
prominent  instrument  engineer  advised  us  that  he 
wished  we  would  lay  out  such  a  classification  because, 
as  he  put  it,  it  would  relieve  the  manufacturer  from  the 
embarrassment  of  claiming  everything  for  all  types  of 
instruments. 

I  am  sorry  to  know  that  the  government  has  rejected 
instruments  because  they  had  only  two  i)er  cent  zero 
adjustment.  It  is  evident  that  the  question  needs  to  be 
investigated  so  that  general  agreement  may  be  had. 

Mr.  St.  Clair  stated  that  the  subdivision  of  the  log- 
arithmic scale  between  cardinal  points  is  as  easy  as  that 
of  the  uniform  scale.  The  trouble  with  this  procedure 
is  that  if  the  divisions  between  two  given  cardinal  points 
are  made  of  uniform  length,  some  are  too  long,  some  too 
short.     This  may  be  discovered  by  noticing  the  abrupt 
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change  in  the  length  of  a  division  which  occurs  as  each 
cardinal  point  is  passed.  These  intermediate  divisions 
are  seldon  if  ever  checked,  so  that  if  the  cardinal  points 
check  correctly  the  instrument  passes  for  an  accurate 
one  in  spite  ot  the  errors  which  occur  in  actual  use  be- 
tween cardinal  points.  This  difficulty  is  absent  in  the 
uniform-scale  instrument. 

In  regard  to  the  usual  idea  concerning  torque-weight 
ratio,  I  am  convinced  that  it  is  not  logical,  and  some 
other  than  a  linear  relation  should  exist.  Experience 
seems  to  show  that  as  we  go  to  lower  and  lower  values 
of  weight,  we  can  go  to  lower  values  of  torque-weight 
ratio.  I  cannot  make  an  exact  statement  of  the  matter, 
but  believe  that  if  the  matter  were  properly  studied  we 
should  find  that  some  other  than  the  simple  torque- 
weight  relation  exists.  It  is  the  opinion  of  some  pf  us 
who  have  considered  the  matter  a  little  that  a  better 
rule  than  the  present  one  is  that  for  a  given  degree  of 
excellence  of  pivots  and  jewels  the  ratio,  torque  divided 
by  weight  squared^  should  equal  a  constant. 

Mr.  Ellis  stated  that  instrument  pointers  are  strong 
and  not  liable  to  bend.  That  is  true  of  certain  modem 
tjrpes,  but  on  the  other  hand,  there  are  older  forms  in 
use,  and  many  of  them  have  pointers  which  are  easily 
bent,  and  until  they  are  eliminated  we  should  keep  the 
matter  in  mind. 

Mr.  Sleeper  referred  to  the  method  of  constructing 
large  shunts,  which  I  have  given,  and  states  that  diffi- 
culty would  be  involved  in  balancing  the  parts  of  the 
shunt.  This  method  has  been  used  in  the  construction 
of  a  large  shunt  which  had  to  be  very  precise,  and  no 
difficulty  was  found  in  carrying  it  out,  and  the  mechani- 
cal difficulties  which  this  method  avoids  are  very  great. 


Presented  at  the  ssSth  meaing  of  the  Am" 
erican  Institute  of  Electrical  Engineers, 
Pittsburgh,  Pa..  March  12.  1920. 
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SHORT-CIRCUIT  PROTECTION  FOR  DIRECT 
CURRENT  SUBSTATIONS 


BY  J.  J.  LINEBAUGH 

Railway  and  Traction  Engineering  Dept..  General  Electric  Co.. 

Schenectady,  N.  Y. 


The  author  includes  an  outline  of  the  progress 
made  in  protection  of  direot-ourrent  machinery  from 
short  circuits  since  the  publication  of  a  paper  at 
Atlantic  City  on  this  subject. 

The  improvements  mentioned  include  the  refine- 
ment and  perfection  in  details  of  the  flash  barriers; 
a  new  design  of  high-speed  circuit  breaker  for  both 
direct-current  substations  and  electric  locomotives; 
,  a  new  high  reluctanc  ecommutating  pole  for  60-cycle 
synchronous  converters  and  a  new  design  of  pro- 
tected brush  holder.  An  instructive  analysis  of 
conditions  during,  direct-current  short  circuits  is 
shown  by  several  photographs,  oscillographs  and 
diagrams.  Special  reference  is  made  to  operating 
results  on  the  electric  zone  of  the  Chicago,  Milwaukee 
and  St.  Paul  Railroad. 


THE  investigation  of  means  to  prevent  flashing 
of  direct-current  machinery  and  development 
of  suitable  equipment  has  been  continued  since 
the  presentation  of  the  pai)er  on  "Protection  from 
Flashing  for  Direct-Current  Apparatus,"  by  Mr,  J. 
L.  Bumham  and  the  writer  at  the  Atlantic  City  Cour 
vention  in  1918.*  This  paper  outlined  in  a  general 
way  the  results  obtained  with  quite  a  number  of  dif- 
ferent methods  of  reducing  or  preventing  flashing 
under  extreme  overload  or  short-circuit  conditions. 

This  study  indicated  that  a  special  form  of  flash 
barrier  with  arc  coolers  and  a  new  form  of  high-speed 
breaker  with  current-limiting  resistance  had  proved 
the  most  promising  development.  Tests  showed 
that  the  two  types  of  protection  provided  complete 
protection  from  a  "dead"  short  circuit  caused  by 
short-circuiting  the  terminals  of  a  machine  without 
external  resistance. 


'Trans.  XXXVII  Part   II,   1919,   pajes  1341-1365. 
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These  two  types  of  protection  have  been  further 
perfected  and  are  now  in  regular  commercial  use. 
They  are  used  either  separately  or  together  and  in 
many  instances  considered  standard  railway  practise. 

The  improved  type  of  high-speed  breaker  described 
has  been  perfected  in  all  details  as  shown  in  Figs.  1  and 
2. 

Thirteen  of  these  breakers  were  installed  by  the 
Chicago,  Milwaukee  &  St.  Paul  Railroad  as  part  of 
the  electrification  of  their  Coast  and  Cascade  Divisions. 
Fig.  2  shows  the  breaker  with  the  arc  chute  installed 
but  with  covers  removed.  This  view  shows'  the  cali- 
brating rheostat  used  to  set  tripping  point  of  the 
breaker.  Description  of  this  breaker  will  not  be  re- 
peated as  general  theory  of  operation  and  design  is 
described  in  the  paper  referred  to,  and  more  detailed 
description  of  the  perfected  breaker  will  be  described 
in  article  by  Mr.  J.  F.  Tritle  in  the  April  number  of 
the  General  Electric  Review. 

This  breaker  was  used  instead  of  the  first  type  of 
circuit  breaker  which  has  given  successful  operation 
during  the  past  three  years  in  the  fourteen  substations 
of  the  440-mile  original  electrification  of  the  Chicago, 
Milwaukee  &  St.  Paul  Railroad.  This  new  breaker 
has  the  advantage  of  lower  cost  and  greater  am- 
plicity. 

One  of  these  breakers  is  used  with  each  of  the  2000- 
kw.,  3000-volt,  synchronous  motor-generator  sets  in 
the  Tacoma,  Renton,  Cedar  Falls,  Hyak  and  Cle  Elum 
substations  and  the  remaining  five  breakers  on  each 
of  the  new  gearless  type  passenger  locomotives.  On  ac- 
count of  the  lower  cost  of  these  breakers  and  advan- 
tages of  using  the  "unit"  system  throughout,  each  of 
the  sets  is  protected  by  its  own  high-speed  breaker 
instead  of  one  breaker  per  substation,  the  airange- 
ment  in  the  original  installation. 

The  general  connections,  location  of  circuit  breaker, 
etc.,  are  shown  in  Fig.  3. 

The  circuit  breakers  for  the  substations  and  loco- 
motives are  exactly  alike  with  exception  of  interlock- 
ing and  calibration  for  tripping  points. 
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The  circuit  breakers  were  given  a  very  exhaustive 
test  in  connection  with  one  of  the  2000-kw.  seta  in 
test  before  shipment,  with  very  successful  operation 
in  all  details.  It  was  found  that  the  generators  could 
be  short-circuited  with  only  sufficient  cable  in  the  cir- 
cuit to  connect  the  different  meter  shunts,  short-cir- 
cuiting contactor  and  high-speed  breaker  without 
darning  machines  in  any  way  and  with  practically 


no  flashing  at  the  brushes.  Figs.  4  and  5  show  photo- 
graphs of  two  of  these  short  circuits,  one  of  which 
gave  so  slight  a  flash  that  it  can  hardly  be  seen  while 
the  other  shows  very  slight  flashing  in  the  flash  bar- 
riers. Fig.  6  shows  oscillogram  of  ohe  of  these 
short  circuits  giving  a  very  good  idea  of  the  high  speed 
of  the  breaker  and  the  protection  afforded.  It  will 
be  noted  that  the  current  was  limited  to  about  7000 
amperes  and  reduced  to  three  times  load  in  0.016 
seconds.  The  current  starts  to  decrease  in  0.0081 
of  a  second  and  it  will  be  noted  that  the  area  repre- 
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senting  the  load  which  would  be  likely  to  cause  flaah- 
over  is  very  small  and  of  such  short  duration  that 
very  Httle  gas  or  arc  could  be  formed.  Fig.  7  has 
been  prepared  to  show  graphically  the  much  greater 


W^^''  ^P^^ff*^ 

|..1-^.f^V^ 

0@Q 

:   1)1 Kl 


protection  alTorded  by  circuit  breaker  of  such  high 
speed  over  that  obtained  with  the  usual  type  of 
breaker.  This  fijiure  shuws  tho  current  curve  of  a 
2000-kw.,  3000-volt  machine  on  short  circuit  when 
protec'ted  by  the  hi^h-spfed  breaker  and  by  a  stand- 
ard 3000-volt  breaker  desij;ne<i  for  higher  speed  than 
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usually  obtained  with  regular  carbon-break  600-volt 
breakers.  The  area  of  each  curve  above  the  load 
which  would  cause  flashing  has  been  cross-hatched 
to  show  the  ratio  between  the  two  areas  which  gives 
a  very  good  idea  of  the  value  of  the  great  speed  and 
the  reason  there  is  so  little  flashing.  During  these 
tests  about  one  photograph  out  of  four  was  similar 
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Fig.  3 — General    Connections    of    Hiqh-Speed    Circuit 

Breaker 


to  Fig.  4,  while  the  others  were  of  the  character  shown 
in  Fig.  5. 

A  special  reliability  or  endurance  test  was  made  as 
part  of  the  acceptance  tests  of  the  breaker  during 
which  about  65  short  circuits  of  different  magnitude, 
fifteen  of  which  were  "dead"  short  circuits,  were  ap- 
plied at  intervals  of  about  214  minutes  without  clean- 
ing the  commutators  or  giving  them  any  attention 
whatever.  At  the  conclusion  of  these  tests,  five  "dead" 
short  circuits  were  thrown  on  the  set  within  ten 
minutes.  At  the  end  of  these  tests,  commutators 
were  in  excellent  condition  without  any  need  of  clean- 
ing or  attention  of  any  kind. 
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These  circuit  breakers  are  now  in  regular  opera- 
tion and  reports  received  of  their  operation  have  been 
very  gratifying. 

The  application  of  the  high-speed  circuit  brealrer 
to  direct-current  electric  locomotives  is  anotiier  dis- 
tinct advance  as  in  addition  to  protecting  the  e4}par- 
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Fio.  4— Shokt  CiKciuT  ON  2()00-Kw.,  :«)UO-Vt>i.T  Motob- 
Qenerator  Set  Pbotkcted  iir  Hii.ii-!>rEt:[>  C'mciiT  Breaeei 
AND  Flash  BAKitiEitfi.     TniPPiMri  1'oimt  2o'>0  Amperes.    Line 

liESlBTANCE     0.        ("iJHKBNT     LiMlTINO     UEWISTANCE     1.2     OHUS 


atus  on  the  locomotive,  it  prevents  the  short  circuits 
from  affecting  the  substations. 

If  both  the  substations  ami  locomotives  are  equipped 
with  this  type  of  high-speed  circuit  breaker,  current 
under  maximum  conditions  would  never  reach  a  value 
much  greater  than  7000  amjwres.  The  value  of  the 
maximum  short-circuit  current  decreases  very  rapidly 
with  distance  from  substation  as  shown  in  Fig.  8. 
These  records  were  taken  with  a  1500-kw.,  3000-volt 
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Fig.  5— SpoRT  Circuit  on  2000-Kw.,  3000-Voi.t  Motor- 
Obkbrator  Set  Protected  by  Utoh-Spbkd  Circuit  Breaker 
AND  Flash  Barkierb.  Triffino  Point  2940  Ahpbreb.  Line 
REsiaTANCR  0.     Current  LiMtriNO  Rcsistance  1.2  Ohws 


Pia.  6— Short  Cihci  r 
Generator  Set  Protki 
AND  Flash  Barriers. 
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motor  generator  set  connecting  the  overhead  trolley 
consisting  of  two  No.  4/0  wires  directly  to  the  100- 
Ib.  track  rails  and  closing  the  circuit  at  the  subcitBtioiL 
It  will  be  noted  that  the  maximum  peak  current  is 
only  3600  amperes  with  short  circuit  4800  fb  from  the 
salutation  and  2860  amperes,  9600  ft.  from  the  sub- 
station as  compared  with  7000  amperes  "dead"  short 
circuit  across  the  terminals  of  the  machine. 


TIME  -  SECONDS 

OX    200«-Kw.,    aoOO-VoLT    MoToa 

K  Set  PitoTE<n'E:D  ur  Hiuu-Spicp.d  Circuit  Brbakik 

rH  Clhvk  Showiso  C'irukst  Which  Wovld  be  Obtaiiod 

rH  Standard  Cihclit  Brf.akku.     Ratio  of  the  Abba  of 

E  Two  CrRVKs  KnovT.  ."lOOO  Ampkueb  (Jiveh  Indication  of 

THE  Ph<itkctios  Akkorbed 


The  value  of  this  type  of  protection  was  proved 
very  conclusively  during  these  tests  due  to  the  acci- 
dental grounding  of  one  of  the  switchboard  busbar 
insulators.  The  high-speed  breaker  inserted  the  cur^ 
rent  limiting  resistance  so  quickly  that  some  time  was 
required  to  locate  the  trouble  as  burning  at  the 
grounded  point  was  so  slight  as  to  be  hardly  notice- 
able, indicating  that  even  under  such  extreme  condi- 
tions current  is  reduced  so  quickly  that  sufficient  time 
is  not  allowed  to  cause  current  to  generate^suflfident 
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heat    to  cause   destruction    of  the   current-carrying 
parts. 

Another  of  the  incidental  advantages  of  this  type 
of  protection  is  the  elimination  of  disturbances  on  the 
a-c.  side  of  synchronous  converters  or  motor-gener- 
ator sets  ordinarily  caused  by  d-c.  short  drcuits  due 
to  the  fact  that  the  load  is  decreased  so  quickly  that 
momentum  of  the  armatures  supplies  the  energy  and 
the  load  is  not  increased  materially  on  the  a-c.  side. 
The  overload  relays  are  therefore  not  affected,  increaa- 


Fiu.  8-Sliort  Circuit  on  ISOO-Kw.  3000-Volt  Motob- 
Geseratoh  Set  at  Diffbbekt  Distancbb  prom  Substation. 
Gemsratohs  Protected  bit  Hio»-Spbed  Qircuit  Breaker 
AS'D  Flash  Barriers 

ing  very  greatly  the  general  operating  efficiency  of  a 
substation,  eliminating  time  required  to  start  up  set 
from  the  a-c.  side,  etc.  After  the  occurrence  of  a 
short  circuit  it  is  only  necessary  for  the  operator  to 
close  the  high-speed  breaker  and  then  the  main  switch- 
board breaker  which  is  interlocked  with  the  high-speed 
breaker  after  which  the  main  switch  is  thrown  in  fol- 
lowing regular  switching  practise.  If  the  short  cir- 
cuit still  persists,  the  high-speed  breaker  will  again 
open  but  with  no  flashing  or  damage  to  brusKea  «t 
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commutator  and  greatly  decreased  duty  on  the  r^ular 
breaker. 

The  flash  barriers  described  in  the  original  paper 
have  not  been  changed  in  any  essential  details,  improre- 
ments  being  along  the  line  of  simpler  construction, 
ease  of  removal  for  inspection  and  improvement  in 
appearance. 

These  barriers  with  iron  wire  arc  coolers  are  stand- 
ard equipment  on  all  3000-voIt  motor-generator  sets 
as  well  as  on  all  machines  used  in  connection  with 
automatic  substation  control.  Fig.  9  shows  one  of 
the  2000-kw.,  3000-volt  sets  for  the  Milwaukee  elec- 
trification equipped  with  these  barriers,  while  Fig.  10 


Pio.  9— 2000-Kw.,    3000-V 
Generator  Set  Eqvippkd 

shows  harriers  for  600-1200-volt,  60-cycle,  600-kw. 
synchronous  converter. 

Flash  barriers  and  high-speed  circuit  breaker  are 
standard  equipment  on  1500  to  3000-volt  substations 
and  it  is  believed  this  practise  will  be  extended  to  in- 
clude 600  and  1200-volt  apparatus. 

Another  advance  in  short-circuit  protection  is  the 
protected  type  of  brush  holder  recently  perfected  as 
shown  in  Fig.  11.  This  brush  rigging  is  protected  on 
all  sides  where  flashing  might  occur  by  asbestos  lum- 
ber so  that  an  arc  cannot  readily  hold  between  brush 
holders  of  opposite  i)olarity  and  prevents  the  forma- 
tion of  iron  or  copper  vapor  which  might  cause  a  flash 
to  the  frame  and  cause  damage  to  the  brush  rigging 
or  commutator.  A  removable  cover  is  provided^for 
inspection  and  removal  of  brushes.     It  is  made  of  an 


1U20I 


/.  J.  LINEBAUGH 


627 


iron  sheet  for  convenience  as  there  has  been  no  tend- 
ency for  the  arc  to  strike  this  part  of  the  brush  rigging 
during  tests  or  in  actual  operation.  It  will  be  noted 
that  this  type  of  brush  rigging  lends  itself  very  readily 
to  the  addition  of  flash  barriers  as  shown  in  I^g.  10. 

This  type  of  brush  rising  has  been  standardized 
for  all  600-voIt,  60-cycle  synchronous  converters. 

The  use  of  the  high  reluctance  commutating  pole 
is  a  very  pronuEdng  improvement  which  has  just  been 
made  in  60-cycle,   600-voIt  synchronous  converters 


Fio.  10 — 500-Kw.,  600/1200-VoLT  60-Cyclb  Stnchkonoub 
CoNVBBTBR  Equipped  with  Flash  Barriers 

and  has  been  standardized  for  all  60-cycle  machines. 
Tests  indicate  that  the  use  of  these  poles  raises  the 
flashing  point  at  least  50  per  cent.  In  actual  com- 
mercial use  the  improvement  is  greater  than  indicated 
by  this  figure  as  a  very  great  proportion  of  short  cir- 
cuits which  originally  caused  flash-over  would  not 
cause  flashing  on  machines  equipped  with  this  new 
type  of  commutating  pole  winding. 

These  improvements  are  of  particular  value  for  60- 
cycle  converters  which  are  inherently  more  sensitive 
than  25-cycIe  converters. 

Brief  attention  should  be  called  to  the  great  pro- 
tection afforded  by  tapping  the  feeder  a.t  aoina  ^\a- 
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tance  from  the  substation.  This  is  undoubtedly  Uie 
cheapest  type  of  protection  which  can  be  used  but  can- 
not be  relied  upon  to  prevent  flashing  over  under  ex- 
treme short  circuits,  A  very  slight  amount  of  per- 
manent resistance  such  as  would  be  given  by  such  an 
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arrangement  greatly  reduces  the  number  of  flash-overs 
with  very  little  loss,  of  energy  or  voltage.  Under 
ordinary  conditions  it  is  believ^  that  the  distance  to 
the  first  tap  need  not  be  greater  than  2000  ft.  A  greater 
distance  than  this  causes  an  appreciable  loss  of  energy 
and  drop  in  voltage.  Fig.  12  shows  very  clearly  the 
great  benefit  of  a  small  amount  of  resistance  in  reduc- 
ing the  maximum  possible  current  on  a  short  circuit. 
If  complete  immunity  is  desired  from  short  circuits, 
the  high-speed  circuit  breaker  and  barriers,  undoubt- 
edly offer  the  best  known  solution.  With  this  pro- 
tection, feeder  taps  can  be  connected  to  the  overhead 
trolley  directly  at  the  substations,  reducing  losses  to 
a  minimum.  Maintenance  on  the  substation  appar- 
atus will  also  be  decreased  as  burning  from  short  cir- 
cuits undoubtedly  causes  most  of  the  wear  and  de- 
terioration on  brushes  and  commutator.  Another 
particular  advantage  of  this  type  of  protection  is  that 
it  can  be  applied  to  old  generators  or  synchronous 
converters  of  any  voltage  without  change  in  the  ma- 
chine itself. 
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FLASHING     OF     60-CYCLE     SYNCHRONOUS 
CONVERTERS       AND       SOME       SUGGESTED 

REMEDIES 


BY  MARVIN  W.  SMITH 
WcstinKhouse  Elcc.  &  Mfg.  Co.,  East  Pittsburgh.   Pa. 


WITH  the  increasing  application  of  60-cycle 
s3nichronous  converters  to  railway  service, 
the  question  of  flashing  is  receiving  consider- 
able attention.  A  series  of  tests  has  recently  been 
made,  and  others  are  still  in  progress,  with  a  view  to 
determining  the  possibilities  of  protection  from  flashing 
by  various  methods,  including  the  "quick-acting 
breaker,"  ''flash  suppressor,"  "flash  guards"  and 
various  modifications  and  combinations  of  these.  The 
converter  that  has  been  used  for  these  tests  is  a  standard 
500-kw.,  600-volt,  six-phase,  60-cycle,  1200-rev.  per 
min.  machine.  It  was  supplied  with  power  from  a 
5000-kv-a.  generator  through  three  standard  high- 
reactance  transformers.  These  transformers  had  a 
reactance  of  approximately  17*  per  cent  at  normal 
load  and  10  per  cent  on  short  circuit. 

Reasons  why  eo-cycle  converters  are  susceptible  to 
flashing.  The  protection  of  the  60-cycle  converter 
is  more  difficult  than  the  protection  of  any  other  class 
of  commutating  machines  due  to  the  inherent  limita- 
tions of  distance  between  neutral  points  on  the  commu- 
tator. The  limiting  distance  between  neutral  points 
is  fixed  by  the  frequency  and  peripheral  speed  of  the 
commutator.  For  instance,  considering  the  maximum 
allowable  peripheral  speed  as  5500  feet  per  minute, 
the  distance  between  neutral  points  in  the  case  of  a 
60-cycle  machine  will  be  approximately  9.2  inches 
regardless  of  the  speed  or  number  of  poles.  This 
may  be  readily  seen  from. the  following  simple  relation: 

circum.  com. 

Dist.  between  neut.  points  =  \ 

^  poles 

6:5  ] 
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^  periph.  speed  periph.  speed  X  poles 

rev.  per  min.  x  poles  "     poles  X  120  X  freq. 
_  periph.  speed 

120  X  freq. 
An  interesting  and  rather  surprising  feature  shown 
by  the  tests  is  the  extremely  rapid  rate  of  increase  of 
the  direct  current  on  short  circuit  as  compared  with 
direct-current  generators.    For  example,  tests  made 
on  the  generators  of  the  2000-kw.  sets  for  the  Chicago, 
Milwaukee  and  St.  Paul  Railroad,  show  the  initial 
rate  of  increase  in  current  on  short  circuit  to  be  approx- 
imately 1,100,000  amperes,  or  1650  times  full  load, 
per  second.    Also  short-circuit  tests  on  a  1000-kw. 
600-volt  direct-current  generator  show  an  initial  rate 
of  increase   in   current   of  approximately   2,700,000 
amperes,  or  1620  times  full  load,  per  second.    On  the 
500-kw.  converter,  however,  the  average  initial  rate 
of  increase  is  approximately  3,300,000  amperes,  or 
4000  times  full-load  current  per  second.    This  large 
difference  between  the  rates  of  increase  of  short-circuit 
current  for  the  d-c.   generators  and  the  converter 
cannot  be  accounted  for  by  the  difference  in  the  in- 
ductances of  the  machines.     In  fact,  the  calculated 
inductances  of  the  generators,  which  are  of  consider- 
able lowef^  frequency  than  the  converter,  are  lower 
than  the  calculated  inductance  of  the  converter.    The 
difference  may  be  due  to  the  fact  that  the  alternating 
current  which  is  a  motor  current  building  up  in  the 
opposite  direction  from  the  direct  current,  produces, 
or  tends  to  produce  flux  linkages  in  the  armature 
winding  which  oppose  those  of  the  direct  current,  with 
the  result  that  the  induced  voltage  opposing  the  rise 
of  direct  current  is  reduced.     In  other  words,  a  higher 
rate  of  increase  in  current  is  necessary  to  produce  the 
required   counter   voltage,    which   accounts   for   the 
higher  rate  of  increase  in  current  in  a  synchronous 
converter  than  in  a  direct-current  generator.    Refer- 
ence to  oscillogram  Fig.  1  shows  that  the  current  reaches 
its  maximum  value  in  approximately  0.006  seconds. 
This  rapid  increase  in  short-circuit  current  together 
with  the  limited  distances  between  brush-holder  arms 
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make  the  60-cycle  converter  particularly  susceptible 
to  flashing  trouble. 

Conditions  Causing  Flashing 
Flashing  does  not  appear  to  be  entirely  dependent 
upon  the  point  or  value  at  which  the  current  is  arrested. 
Oseillograma  in  Figs.  2  and  3  show  dead  short  circuits 
on  the  machine  when  protected  by  a  modified  high- 
speed railway-type  breaker.  The  current  was  limited 
to  approximately  14,500  amperes,  n}4  times  full  load, 
the  rate  of  current  increase  being  limited  to  some 
extent  by  the  use  of  a  small  reactor  as  a  shunt  for  the 
trip  circuit  of  the  breaker.  (The  maximum  shorts 
circuit  current  value  of  this  machine  is  approximately 
19,000  amperes  or  about  23  times  full  load).  However, 
at  this  speed  the  machine  was  completely  protected, 
except  for  slight  pitting  of  the  brush  holders,  even  ~ 
at  this  high  current  value.  The  voltage  records  show 
clearly  that  the  machine  cleared  itself  immediately 
after  the  complete  opening  of  the  breaker,  which  took 
place  in  approximately  0.015  seconds.  Fig.  4  shows 
an  overload  only  one-fifth  the  above  value  in  connec- 
tion with  the  ordinary  low-speed  breaker,  from  which 
it  is  evident  that  the  machine  bucked  over  immediately 
after  the  breaker  opened  even  at  this  lower  value  (rf 
current.  \\'hen  a  machine  is  on  short  circuit  a  large 
percentage  of  the  voltage  is  consumed  internally. 
The  heavier  the  short  circuit  the  larger  is  the  percentage 
of  the  voltage  thus  consumed.  Then  so  long  as  the 
'1-c.  breaker  is  closed  the  voltage  between  brush  arms 
and  hence  the  tendency  to  flash  is  a  minimum.  The 
voltage  between  neutral  points  on  extreme  overload 
and  ^ort  circuit  with  the  d-c.  breaker  closed,  is  also 
dependent  somewhat  upon  the  brush  pressure.  The 
higher  the  brush  pressure  the  lower  the  contact  drop 
and  hence  the  external  voltage  between  neutral  points. 
This  contact  drop  may  be  ([uite  appreciable  if  the  brush 
pressui-e  is  low  enough  to  allow  the  force  of  the  are  to 
lift  the  brushes  off  the  commutator,  which  means  a 
lower  percentage  of  the  \'oltage  will  be  consumed 
internally,  with  a  result  that  the  voltage  on  the  com- 
mutator will  be  higher.    Assuming  a  reasonable  bnuh 
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pressure  and  contact  drop,  it  is  practically  impossible 
for  a  machine  to  buck  over  and  hang  on  between  arms 
on  dead  short  circuit  so  long  as  the  d-c.  breaks  is 
closed,  for  the  voltage  on  the  conunutator  is  practically 
kille<l  just  in  the  same  manner  as  in  the  case  of  the 
Hash  sui)prt*ssur  referred  to  later.     It  is  usually  the 
opening  of  the  d-c.  breaker  that  does  the  damage. 
Tests  in  connection  ^ith  both  the  low-speed  andhigfa- 
spee<]  breakers  and,  in  fact,  ordinary  operating  exper- 
ience show  that  a  machine  rarely  bucks  over  until  the 
d-c.   breaker  opens.    See  Figs.  4,  5  and   6.     There 
mav  be  considerable  flame  on  the  commutator  due 
to  the  heavy  current,  but  it  does  not  have  the  tenacity 
nor  power  to  cause  any  serious  damage  until  the  voltage 
is  restored.     P^i)fs.  land  7  covering  oscillograms  taken 
in  connection  with  the  flash  suppressor  in  which  approx- 
imately one  cycle  elapsed  between  the  time  of  the  d-c. 
short  circuit  and   the  application  of  the  a-c.   short 
circuit,  show  clearlv  that  the  machine  did  not  buck 
over  before  the  a-c.  short  circuit  was  applied.     During 
tills  time  the  commutator  rotated  through  a  distance 
corn'sixmd'inn  to  two  neutral  points.     Figs.  8  and  9 
..how  overloads  of  3  and  6  times  full  load  respectively 
whrii  the  d-c.  breaker  was  tied  in  and  did  not  open  at 
.ill.     However,  the  d-c.  supply  was  tripped  off  about 
t)  tn;  j-conds  after  the  instant  of  short  circuit  as  shown 
I'V  till-  :;ji;./ht  dip  in  the  current  and  voltage  wave.     It 
I .  i'\  idchi  from  the  steady  nature  of  the  voltage  wave 
III. 1 1  the  iM.'ichine  did  not  buck  over  and  hang  on  be- 
iwiiii  ;irin;,,  ;ilth()u^di  there  was  considerable  flash  on 

I  1m'  <  oiiiiniilator. 

I  Im'mIoh',  (lir  ideal  circuit  breaker  is  not  necessarily 
"iH  vOiii  h  o|M'n.';  the  circuit  before  the  machine  bucks 
"  ••  'ini  ii  uMially  does  not  buck  over  unto  the  breaker 
••i-n.  .  ..I  luinir  ilu'  current  reaches  a  certain  value, 
•"••  •••••    ^^lM.ll  nprns  the  circuit  before  sufficient  gas 

•    "I'til.  III. It  In  has  been  formed  over  the  commuta- 

'•••  • '■  ""•  ••'.iclime  to  buckoverwhen  the  voltage 

•    "   ••••••M.\  III.- ..penm^  of  the  breaker.     It  mav  be 

""'  '  H-  Inn,:  I.  i.MiKhly  a  fimction  of  the  voltage 

'  '"  • l"iuern  neutral  points  and  the  amount 

"'  ••"    ■"     ••'•»«d.-  MMiter  over  the  commutator.     This 
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gas  is  again  dependent  upon  several  other  variables, 
such  as,  the  inherent  commutating  characteristics 
of  the  machine  (which  is  a  measure  of  the  local  short- 
circuit  currents  under  the  brush),  the  value  of  the  load 
ciurent  and  the  time  it  has  been  flowing,  the  grade  of 
brush,  etc. 

It  is  the  writer's  opinion  in  view  of  the  above  tests 
that  a  moderately  high-speed  breaker  is  no  better  than 
an  ordinary  slow-spneed  breaker.  In  the  case  of  a 
moderately  high-speed  breaker  probably  as  much  gas 
as  possible  has  been  formed  over  the  commutator  by 
the  time  the  breaker  opens,  i:  e.  after  this  point  the  gas 
is  dissipated  as  fast  as  it  is  generated.  Then  a  very 
slow-speed  breaker  may  be  even  better  than  a  moder- 
ately high-speed  breaker  due  to  the  fact  that  the 
voltage  will  have  time  to  die  down  appreciably  before 
the  breaker  opens,  especially,  if  the  a-c.  supply  is 
opened  in  the  meantime. 

Opening  the  a-c.  breaker  is  of  course  undesirable 
because  the  machine  has  to  be  synchronized  •  again. 
However,  this  procedure  minimizes  the  flashing  con- 
siderably. Figs.  10  and  11  cover  an  overload  of 
approximately  seven  times  full  load  and  a  dead  short 
circuit  respectively  taken  under  this  condition.  As 
shown  by  the  a-c.  wave,  the  a-c.  supply  was  tripped  off 
approximately  0.05  seconds  after  the  instant  of  the 
d-c.  short  circuit.  The  opening  of  the  d-c.  breaker 
was  purposely  delayed  as  long  as  possible  (by  changing 
spring  adjustments)  so  as  to  allow  time  for  the  current 
and  voltage  to  die  down  due  to  the  decreasing  speed 
as  well  as  the  dying  down  of  the  field  flux.  In  the  case 
of  the  dead  short  circuit  it  may  be  seen  that  the  current 
has  dropped  to  almost  one-fourth  of  the  maximum 
short-circuit  value  and  the  voltage  has  dropped  to 
less  than  one-half  normal  value  when  the  d-c.  breaker 
opens.  The  machine  immediately  clears  itself  upon 
the  opening  of  the  d-c.  breaker  as  shown  by  the  voltage 
record.  During  the  period  prior  to  the  opening  of  the 
d-c.  breaker  there  was  of  course  considerable  flame 
on  the  commutator  but  due  to  the  limited  voltage  on 
the  commutator  (with  the  d-c.  breaker  closed)  the 
arc  did  not  have  the  tenacity  to  hang  on,  and  by  tVvft 
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pressure  and  contact  drop,  it  is  practically  impossible 
for  a  machine  to  buck  over  and  hang  on  between  arms 
on  dead  short  circuit  so  long  as  the  d-c.  breaker  is 
closed,  for  the  voltage  on  the  commutator  is  practically 
killed  just  in  the  same  manner  as  in  the  case  of  the 
flash  suppressor  referred  to  later.  It  is  usually  the 
opening  of  the  d-c.  breaker  that  does  the  damage. 
Tests  in  connection  with  both  the  low-speed  and  hi^- 
speed  breakers  and,  in  fact,  ordinary  operating  exper- 
ience show  that  a  machine  rarely  bucks  over  until  the 
d-c.  breaker  opens.  See  Figs.  4,  5  and  6.  There 
may  be  considerable  flame  on  the  commutator  due 
to  the  heavy  current,  but  it  does  not  have  the  tenacity 
nor  power  to  cause  any  serious  damage  until  the  voltage 
is  restored.  Figs,  land  7  covering  oscillograms  taken 
in  connection  with  the  flash  suppressor  in  which  approx- 
imately one  cycle  elapsed  between  the  time  of  the  d-c. 
short  circuit  and  the  application  of  the  a-c.  short 
circuit,  show  clearly  that  the  machine  did  not  buck 
over  before  the  a-c.  short  circuit  was  applied.  During 
this  time  the  commutator  rotated  through  a  distance 
corresponding  to  two  neutral  points.  Figs.  8  and  9 
show  overloads  of  3  and  6  times  full  load  respectively 
when  the  d-c.  breaker  was  tied  in  and  did  not  open  at 
all.  However,  the  d-c.  supply  was  tripped  off  about 
0.06  seconds  after  the  instant  of  short  circuit  as  shown 
by  the  slight  dip  in  the  current  and  voltage  wave.  It 
is  evident  from  the  steady  nature  of  the  voltage  wave 
that  the  machine  did  not  buck  over  and  hang  on  be- 
tween arms,  although  there  was  considerable  flash  on 
the  commutator. 

Therefore,  the  ideal  circuit  breaker  is  not  necessarily 
one  which  opens  the  circuit  before  the  machine  bucks 
over  (for  it  usually  does  not  buck  over  until  the  breaker 
opens)  or  before  the  current  reaches  a  certain  value, 
but  one  which  opens  the  circuit  before  sufficient  gas 
and  volatile  matter  has  been  formed  over  the  commuta- 
tor to  cause  the  machine  to  buck  over  when  the  voltage 
is  restored  by  the  opening  of  the  breaker.  It  may  be 
said  that  flashing  is  roughly  a  function  of  the  voltage 
and  distance  between  neutral  points  and  the  amount 
of  gas  or  volatile  matter  over  the  commutator.    This 
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gas  is  again  dependent  upon  several  other  variables, 
such  as,  the  inherent  commutating  characteristics 
of  the  machine  (which  is  a  measure  of  the  local  short- 
circuit  currents  under  the  brush),  the  value  of  the  load 
ciurent  and  the  time  it  has  been  flowing,  the  grade  of 
brush,  etc. 

It  is  the  writer's  opinion  in  view  of  the  above  tests 
that  a  moderately  high-speed  breaker  is  no  better  than 
an  ordinary  slow-spieed  breaker.  In  the  case  of  a 
moderately  high-speed  breaker  probably  as  much  gas 
as  possible  has  been  formed  over  the  commutator  by 
the  time  the  breaker  opens,  tV  e.  after  this  point  the  gas 
is  dissipated  as  fast  as  it  is  generated.  Then  a  very 
slow-speed  breaker  may  be  even  better  than  a  moder- 
ately high-speed  breaker  due  to  the  fact  that  the 
voltage  will  have  time  to  die  down  appreciably  before 
the  breaker  opens,  especially,  if  the  a-c.  supply  is 
opened  in  the  meantime. 

Opening  the  a-c.  breaker  is  of  course  undesirable 
because  the  machine  has  to  be  synchronized  -  again. 
However,  this  procedure  minimizes  the  flashing  con- 
siderably. Figs.  10  and  11  cover  an  overload  of 
approximately  seven  times  full  load  and  a  dead  short 
circuit  respectively  taken  under  this  condition.  Afi 
shown  by  the  a-c.  wave,  the  a-c.  supply  was  tripped  off 
approximately  0.05  seconds  after  the  instant  of  the 
d-c.  short  circuit.  The  opening  of  the  d-c.  breaker 
was  purposely  delayed  as  long  as  possible  (by  changing 
spring  adjustments)  so  as  to  allow  time  for  the  current 
and  voltage  to  die  down  due  to  the  decreasing  speed 
as  well  as  the  dying  down  of  the  field  flux.  In  the  case 
of  the  dead  short  circuit  it  may  be  seen  that  the  current 
has  dropped  to  almost  one-fourth  of  the  maximum 
short-circuit  value  and  the  voltage  has  dropped  to 
less  than  one-half  normal  value  when  the  d-c.  breaker 
opens.  The  machine  immediately  clears  itself  upon 
the  opening  of  the  d-c.  breaker  as  shown  by  the  voltage 
record.  During  the  period  prior  to  the  opening  of  the 
d-c.  breaker  there  was  of  course  considerable  flame 
on  the  commutator  but  due  to  the  limited  voltage  on 
the  commutator  (with  the  d-c.  breaker  closed)  the 
arc  did  not  have  the  tenacity  to  hang  on,  and  by  tVv^ 
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time  the  d-c.  breaker  opened  the  current  and  voltage 
had  reduced  to  such  an  extent  that  the  arc  could  not 
establish  itself. 

Influence  of  Commutating  Characteristics  on 

Flashing 

Oscillograms  covered  by  Figs.  12  and  13  which  were 
taken  at  lighter  loads  and  where  the  a-c.  supply  was 
cut  off  prior  to  the  opening  of  the  d-c.  breakers^  show 
clearly  by  the  dip  in  the  current  and  voltage  wave  that 
the  machine  bucked  over  slightly  before  the  d-c. 
breaker  opened,  which  appears  contrary  to  previous 
conclusions.  However,  at  this  light  load  the  voltage 
on  the  commutator  is  not  appreciably  reduced.  Fur- 
thermore, with  the  a-c.  supply  cut  off,  the  neutralizing 
effect  of  the  a-c.  armature  reaction  upon  the  d-c.  arma- 
ture reaction  is  absent.  Therefore,  the  converter, 
operating  as  a  straight  d-c.  generator  with  the  increased 
effect  of  the  armature  reaction  upon  the  commutating- 
pole  circuit,  is  enormously  under-compensated,  with' 
the  result  that  the  sparking  under  the  brush  is  greatly 
increased  which  together  with  the  high  voltage  between 
neutral  points  causes  the  machine  to  flash  over  even 
with  the  d-c.  breaker  closed.  This  again  emphasizes 
the  importance  of  the  inherent  commutating  character- 
istics of  the  machine. 

The  relative  strength  of  armature  and  commutating- 
pole  fields  has  a  considerable  influence  upon  the  com- 
mutation and  hence  upon  the  flashing  of  a  synchronous 
converter  on  sudden  changes  of  load  and  extreme  over^ 
load  or  short  circuit.  Under  normal  load  conditions 
the  a-c.  m.  m.  f.  opposes  the  d-c.  m.  m.  f.  In  the 
inteipolar  space  the  resultant  armature  reaction  is  only 
about  15  per  cent  of  the  d-c.  armature  reaction,  and  is 
in  the  same  direction  as  the  d-c.  reaction.  The  com- 
mutating-pole  field  ampere-turns  under  this  condition 
are  just  sufficient  to  buck  down  this  resultant  m.  m.  f. 
and  in  addition  to  force  sufficient  flux  across  the  com- 
mutating-pole  gaj^  to  generate  the  required  counter  volt- 
age for  commutation.  However,  at  the  instant  of  short 
circuit  the  converter  acts  largely  as  a  d-c.  generator 
delivering  the  first  i-ush  of  current  from  its  own  inertia. 
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with  the  result  that  the  machine  is  enormously  under- 
compensated. In  fact,  with  the  relatively  low  a-c. 
armature  reaction  at  the  instant  of  shcMt^ircuit,  the 
resultant  armature  ampere-turns  may  be  even  greater 
than  the  commutating-pole  ampere-turns,  which  means 
that  the  commutating-pole  flux  is  actually  reversed. 
This  of  course  depends  upon  the  relative  amount  of  the 
commutating-pole  m.  m.  f.  expended  in  bucking  down 
the  armature  m.  m.  f .  and  in  forcing  the  flux  across  the 
gap;  The  larger  the  proportion  of  the  ampere-turns 
expended  in  the  commutating-pole  air  gap,  or  its 
equivalent,  the  less  will  be  the  effect  of  the  armature 
reaction  upon  the  commutating-pole  flux  and  hence 
upon  the  commutation  and  flashing  of  the  machine. 
Furthermore,  on  extreme  overload  or  short  circuit  the 
machine  falls  back  in  phase  similar  to  a  synchronous 
motor  carrying  load  with  the  result  that  the  a-c.  arma- 
ture m.  m.  f .  lags  (in  space  position)  with  respect  to  the 
d-c.  armature  m.  m.  f .  which  is  fixed  in  position  by  the 
position  of  the  d-c.  brushes.  Therefore,  even  after  the 
first  instant  of  short  circuit  and  after  the  a-c.  m.  m.  f . 
has  established  itself  the  resultant  armature  reaction  is 
still  proportionately  higher  than  the  increase  in  load 
due  to  the  relative  shift  in  the  position  of  the  a-c.  and 
d-c.  armature  reaction.  This  produces  a  result  similar 
to  the  conditions  in  the  first  instant  of  short  circuit,  t.  e. 
an  under-compensated  machine.  Trouble  from  this 
source  can  also  be  minimized  by  increasing  the  strength 
of  the  commutating-pole  field  relative  to  the  armature. 
Sudden  changes  in  the  applied  frequency  to  the  con- 
verter is  equivalent  to  the  machine  being  out  of  phase 
and  produces  similar  results  from  the  standpoint  of 
flashing.  In  fact,  our  attention  was  first  called  to  the 
importance  of  the  relative  strength  of  the  armature 
and  commutating-pole  fields  by  a  case  of  trouble  from 
this  source  in  connection  with  flashing  on  a  1000-kw. 
600-volt  25-cycle  converter  at  the  plant  of  the  Philips 
Sheet  &  Tin  Plate  Co.,  a£  Wierton,  West  Virginia  in  the 
early  part  of  1917.  This  converter  is  connected  to  the 
secondary  of  an  induction  motor  which  drives  a  rolling 
mill  and  which  is  subjected  to  very  sudden  changes  in 
load.    These  sudden  changes  in  load  produce  ^\]A^%xv 
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changes  in  speed  of  the  induction  motor  with  a  resulting 
sudden  change  in  the  frequency  applied  to  the  converter 
which  causes  flashing  in  a  manner  referred  to  above. 
A  change  was  made  in  the  commutating-pole  circuit  to 
strengthen  the  commutating-pole  field  rq  an  effort  to 
eliminate  the  flashing  trouble.    This  change  was  to 


place,  approximately,  three-quarters  of  an  inch  of 
brass  liners  at  the  back  of  the  commutating  pole.  New 
commutating-pole  windings  to  supply  the  additional 
ampere-tums  required  as  well  as  new  commutating 
poles  to  allow  space  for  the  brass  liners,  were  also 
required.  These  brass  liners  being  of  conducting 
material,  also  have  a  tendency  to  damp  out  the  pulsa- 
tions of  the  commutating-pole  flux  caused  by  the 
pulsating  armature  reaction.  This  change  practically 
eliminated  the  flashing  trouble  on  this  machine  and 
showed  a  field  for  development  along  this  line. 
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Quick-Acting  Circuit  Breaker 

Tests  made  in  connection  with  a  modified  higfanapeed 
railway-t3rpe  breaker  have  been  previously  referred  to 
see  Figs.  2  and  3.  This  breaker  has  sufficient  speed  to 
protect  the  Qiachine  in  most  cases  but  is  not  suitable 
for  this  size  machine  on  account  of  its  limited  continu- 
ous current  carrying  capacity.  Its  high  speed  is  due 
to  some  extent  to  its  over-rated  application  in  this  case. 

A  2000-ampere  high-speed  breaker  now  being 
developed  and  which  is  still  in  the  experimental  stage 
was  also  tried  out  with  some  success.  However,  even 
with  this  breaker  complete  protection  could  not  be 
obtained.  Illustrations  in  Figs.  14  and  15  show  front 
and  rear  views  respectively  of  this  breaker.  On  dead 
short  circuit  this  breaker  has  a  speed  of,  approximately, 
0.014  second  for  complete  opening.  The  arc  tips 
begin  to  open  in  approximately  0.004  second.  Dead 
short  circuits  on  the  machine  when  protected  by  this 
breaker  are  shown  in  Figs.  16  and  17.  In  these  cases 
the  rate  of  initial  increase  in  current  is  limited  to  approxi- 
mately 2,100,000  amperes  per  second,  about  65  per  cent 
of  the  normal  rate  of  increase.  This  reduction  in  rate 
of  current  increase  is  such  that  the  speed  of  the  breaker 
is  sufficient  actually  to  limit  the  maximum  value  of  the 
short-circuited  current.  This  lower  rate  of  increase  in 
the  direct  current  is  due  to  a  0.15-millihenry  reactor 
which  was  put  in  the  circuit.  The  primary  purpose  of 
the  reactor  is  to  shunt  the  trip  coil  of  the  breaker  so  as 
to  give  a  greater  rush  of  current  through  the  trip  coil 
and  thereby  increase  the  speed  of  operation  of  the 
breaker.  Although  this  reactor  was  effective  in  in- 
creasing the  speed  of  the  breaker  as  well  as  limiting  the 
rate  of  increase  in  the  direct  current,  a  very  undesirable 
and  vicious  voltage  was  induced  in  the  coil  upon  the 
opening  of  the  d-c.  breaker,  which  in  some  cases 
appeared  to  re-establish  the  arc  across  the  breaker. 

This  breaker  was  about  as  much  underrated  as  the 
modified  railway  breaker  was  overrated  on  this  appli- 
cation and  it  is  believed  that  it  would  have  a  slightly 
higher  speed  on  higher  currents  than  dealt  with  in  this 
case.    A  smaller  breaker  with  lighter  moving  parts  is 
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ngw  being  considered  on  which  it  ia  expected  to  obtain 
higher  operating  speed. 

Some  very  interesting  high-speed  photographs  of  the 
machine  when  flashing  and  when  protected  by  this 
breaker  are  reproduced  in  Figs.  18  and  19.  The  camera 
used  in  taking  these  photographs  has  twenty-two 
stationary  lenses  with  a  rapidly  revolving  shutter  in 


Fio.  15 

the  rear  which  opens  them  in  rapid  succession.  The 
time  interval  between  each  exposure  is  of  course 
dependent  upon  the  speed  of  this  shutter  which  is 
variable.  The  progression  of  the  phenomena  is  in  the 
order  of  the  numerals  on  the  plate.  The  pictures 
marked  with  the  sub  letter  S  were  taken  at  the  same 
instant  (by  two  different  lenses)  as  the  picture  marked 
with  the  corresponding  number  without  the  sub  letter 
S.    When  properly  mounted  these    pairs  of  pictures 
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can  be  viewed  to  a  great  advantage  through  a  ste 
which  brings  out  the  third  dimension  or  depth  ( 
picture.' 

Fig.  18  which  corresponds  to  oscillogram  in  Fig.  16 
shows  a  picture  of  both  the  machine  and  breaker  when 
flashing.  There  is  approximately  0.0018  second  inters 
val  between  each  picture.  Pictures  1  and  17  which 
show  the  beginning  and  the  end  of  the  phenomena 
shown  on  this  plate  overlap  and  are  shown  together. 
The  small  light  spot  in  the  lower  left  hand  comer  of 
picture  1  shows  the  beginning  of  the  arcing.  The 
breaker  is  not  yet  visible.  In  picture  2  the  arcing  on 
the  machine  is  increasing  the  several  spots  of  light 
representing  sparking  under  the  several  brush  arms, 
and  the  beginning  of  the  breaker  opening  is  shown  in 
the  upper  right-hand  side  of  the  picture.  In  picture 
3  the  flashing  is  still  progressing,  and  so  on  to  picture  7 
where  the  breaker  has  completely  opened  and  the  ma- 
chine flashed  over.  The  machine  continues  to  flash 
throughout  the  length  of  this  series  of  pictures.  Fig. 
19  which  corresponds  to  oscillogram  Fig.  17  shows  a 
closer  view  of  the  flashing  on  the  machine  alone. 

Flash  Suppressor 
The  flash  suppressor  as  applied  to  converters  is 
simply  a  high-speed  switch  actuated  by  the  short- 
circuit  current,  much  in  the  same  manner  as  a  circuit 
breaker,  which  short-circuits  either  all  or  a  part  of  the 
collector  rings  (usually  three  or  six  in  the  case  of  a  six- 
phase  machine.)  This  reduces  or  kills  the  voltage  on 
the  commutator  to  such  an  extent  that  it  prevents  the 
machine  from  flashing  over.  A  detailed  explanation  of 
the  flash  suppressor  is  given  in  an  article  on  this  subject 
by  Mr.  F.  T.  Hague  and  Mr.  N.  W.  Storer  in  the  May 
1918  issue  of  the  Electric  Journal;  and  its  particular 
application  to  the  generators  of  the  Chicago,  Milwaukee 
and  St.  Paul  motor-generator  sets  is  given  in  an  article 
by  Mr.  Daivd  Hall  in  the  January  1920  issue  of  the 
Electric  Journal. 

1.  A  detailed  explanatioa  of  the  cooatruction  and  Qperation  of 
this  camera  is  givon  in  an  artii^le  by  Mr.  J.   W.    Legg  i 
December  1919  issue  of  the  Electric  Jownal. 
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The  operation  of  the  flash  suppressor  means  practice 
ally  a  short  circuit  on  the  a-c.  system  through  the 
converter  transformers.  The  alternating  current 
drawn  on  a  dead  d-c.  short  circuit  where  the  high 
reactance  transformers  are  used  for  compoimding  pur- 
poses, was  only  15  to  20  per  cent  higher  with  the  sup- 
pressor in  operation  than  without.  Thus  on  dead  d-c. 
short  circuit  the  suppressor  did  not  add  so  much  to  the 
duty  of  the  machine  and  a-c.  system.  However,  each 
overload  on  the  d-c.  side  above  a  predetermined  value 
for  the  suppressor  to  operate  meant  a  short  circiut  on 
the  a-c.  side.  Another  undesirable  feature  was  the 
fact  that  the  machine  fell  out  of  step  and  had  to  be 
synchronized  again.  In  an  effort  to  limit  the  heavy 
alternating  current  drawn  by  use  of  the  flash  suppressor 
and  so  eliminate  this  objection,  tests  were  made  with 
inductance  in  the  local  suppressor  circuit  for  the  purpose 
of  finding  out  the  maximum  value  of  inductance  which 
could  be  used  to  limit  the  alternating  current  and  still 
reduce  the  d-c.  voltage  sufficiently  to  give  protection  on 
the  d-c.  side.  For  each  setting  of  inductance  the  d-c, 
short-circuit  load  was  increased  to  the  point  of  prohibi- 
tive flashing.  It  was  found  that  in  order  to  give 
protection  the  value  of  this  inductance  had  to  be  such 
that  upon  the  opening  of  the  d-c.  breaker  the  d-c. 
voltage  would  not  rise  above  the  value  it  had  dropped 
to  due  to  the  d-c.  short  circuit,  i.  e.  there  must  be  no 
appreciable  rise  in  voltage  when  the  d-c.  breaker  oi>ens. 
Also  the  tests  showed  that  reasonable  protection  could 
be  had  at  about  eight  times  full  d-c.  load  without 
drawing  over  nine  times  full-load  alternating  current, 
or  at  about  12  times  full  direct  current  without  drawing 
over  10  to  12  times  full-load  alternating  current. 

With  the  idea  of  eliminating  the  undesirable  feature 
of  having  to  re-synchronize  the  machine  after  the 
operation  of  the  flash  suppressor,  a  three-pole  oil 
circuit  breaker  was  put  in  the  local  leads  of  the 
suppressor  circuit  in  connection  with  the  above  tests, 
so  as  to  open  the  suppressor  circuit  and  throw  the 
machine  back  on  the  line.  The  trip  circuit  for  the  oil 
breaker  was  energized  immediately  after  the  opening  of 
the  d-c.  breaker  by  means  of  an  auxiliary  contact  on 
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this  breaker.  Figs.  20  and  21  show  tests  in  which  the 
flash  suppressor  circuit  was  opened  and  the  machine 
thrown  back  on  the  line.  It  was  found  that  the  sup- 
pressor circuit  could  be  opened  and  the  machine  thrown 
back  on  the  line  in  this  manner  without  any  particular 
disturbance  up  to  the  point  where  the  inductance  in  the 
suppressor  circuit  must  be  decreased  (for  protection  to 
the  d-c.  side)  sufficiently  to  cause  the  machine  to  fall  - 
out  of  step.  This  point  is  at  approximately  ten  times 
full  load.  Some  evidence  of  the  tendency  of  the  ma- 
chine to  fall  out  of  step  is  shown  by  the  sli^t  oadllation 


in  the  d-c.  voltage  wave  in  Fig.  21.  The  oscillogram  in 
Fig.  22  shows  a  short  circuit  of  approximately  13  times 
load  and  the  pulsations  in  the  d-c.  voltage  wave  show 
clearly  that  this  machine  is  out  of  step.  The  frequency 
of  these  pulsations  corresponds  to  the  sUp  frequency  on 
the  commutator  and  shows  the  extent  to  which  the 
machine  is  out  of  step.  When  the  suppressor  circuit  is 
opened  and  the  machine  thrown  back  on  the  line,  when 
it  is  out  of  step,  it  flashes  over  due  to  phase  displace- 
ment on  the  a-c.  side  regardless  of  the  value  of  the  d-c. 
load. 
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All  of  the  above  tests  show  clearly  that  the  flash 
suppressor  will  give  ample  protection  from  flashing  to 
the  converter  as  far  as  the  a-c.  side  is  concerned.  How- 
ever, there  are  several  problems  connected  with  the 
application  of  the  flash  suppressor  to  synchronoiia 
converters,  such  as,  the  increased  duty  on  the  collector 
ring,  disturbance  to  the  a-c.  supply  systems  and  the 
machine's  falling  out  of  step,  which  have  not  yet  been 
worked  out. 
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Flash  CSuards  or  Barriers 
Various  forms  of  flash  guards  have  so  far  proved  to 
be  unsuccessful.  The  general  construction  of  theae 
guards  consisted  of  two  continuous  end  rings,  one  at 
the  back  of  commutator  next  to  commutator  necks  and 
one  at  the  front  of  commutator,  with  barriers  between 
arms  extending  down  to  within  approximately  1/32  in. 
of  the  commutator.  These  guards  were  made  of  asbes- 
tos lumber,  a  composition  of  asbestos  and  asphalt. 
Considerable  trouble  was  experienced  at  first  from  the 
arc  going  under  the  front  guard  ring  to  the  commutator 
V  ring.  This  was  remedied  by  making  this  frxmt  ring 
counterbored  so  that  it  extended  over  the  face  ai  the 
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commutator  a  small  distance  as  well  as  below  the  front 
end  of  the  commutator.  However,  even  this  did  not 
prevent  the  machine  from  flashing;  with  the  arcing 
space  confined  by  these  guards  the  arc  seems  to  become 
explosive  and  force  itself  to  parts  that  it  otherwise  has 
no  tendency  to  go.  Furthermore,  after  several  flashes 
the  surfaces  of  these  guards  become  so  carbonized  and 
covered  with  metal  particles  that  they  actually  aggra- 
vate the  flashing  rather  than  prevent  it.  In  fact,  in 
several  instances  the  guards  were  so  carbonized  and 
metal-smeared  after  the  flash-over,  that  streamers  would 
run  along  the  surface  at  no  load  and  normal  voltage. 
All  tests  indicated  that  these  barriers  should  be  of  an 
open  construction  and  as  far  away  from  the  source  of 
the  arc  as  possible  so  a^  to  give  it  sufficient  room  to 
expand  and  dissipate  itself  without  becoming  explosive. 
In  other  words  the  barriers  should  be  next  to  the  parts 
to  be  protected  (as  the  pedestal  and  leading  side  of 
brush  holders)  and  as  far  away  from  the  arc  as  possible. 
This  fact  is  borne  out  by  oscillogram  in  Fig.  23.  In 
oscillogram  shown  by  Fig.  24  the  machine  flashed  over 
to  the  front  pedestal  (no  flash  guards  on  machine).  In 
an  effort  to  keep  the  arc  from  jumping  to  the  pedestal, 
the  front  ring,  which  had  been  slightly  carbonized  on  a 
previous  flash-over  was  then  bolted  back  pn  front  of  the 
brush-holder  brackets  and  the  short  circuit  repeated  as 
shown  by  Fig.  23.  This  time  the  arc  jumped  along  the 
surface  of  the  front  ring  between  the  two  front  brush 
holders  on  the  two  lower  arms  and  practically  demol- 
ished these  two  brush  holders.  Later  this  ring  was 
fastened  to  the  pedestal,  away  from  the  commutator 
and  the  source  of  the  arc,  and  gave  complete  protection 
clear  down  to  dead  short  circuit  except  for  slight  pitting 
of  the  brush  holders. 

This  shows  very  clearly  that  the  flash  guards  increase 
the  tendency  of  the  machine  to  flash  over  after  they 
have  become  carbonized.  No  suitable  material  for 
this  purpose  which  will  not  carbonize  has  been  found  so 
far.  Best  results  have  been  obtained  by  protecting 
the  pedestal  with  an  arc  shield  and  leaving  as  much 
space  as  possible  on  the  commutator  for  the  arc  to 
expand.    This  also  gives  free  access  to  the  commutator, 
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the  lack  of  which  is  one  great  disadvantage  and  objec- 
tion to  any  form  of  flash  guard.  This  same  protection 
can  be  offered  more  readily  and  easily  by  insulating 
both  pedestals  much  in  the  same  manner  as  for  the 
elimination  of  bearing  currents.  This,  however,  has 
the  disadvantage  that  a  dangerous  voltage  may  exist 
between  the  pedestals  and  ground  in  case  the  armature 
becomes  grounded.  With  the  pedestals  insulated  this 
machine  can  be  dead  short-circuited  with  the  ordinary 
carbon  breaker  with  no  particular  damage  to  the 
machine  except  a  slight  pitting  and  marking  of  the 
brush  holders.  Figs.  25  and  26  show  dead  short 
circuits  with  the  machine  grounded  and  ungrounded 
under  the  above  condition.  Evidence  is  again  shown 
of  the  machine  falling  out  of  step  as  discussed  under 
the  heading  of  flash  suppressors.  The  fact  that 
the  d-c.  voltage  is  pulsating  undoubtedly  prevents  the 
arc  from  hanging  on.  It  goes  out  when  the  d-c. 
wave  passes  through  zero.  For  this  reason  a  dead 
short  circuit  on  a  converter  in  connection  with  a 
slow-speed  breaker  does  not  appear  to  be  as  vicious 
or  tenacious  as  a  short  circuit  at  a  point  just 
before  the  machine  falls  out  of  step  and  the  d-c, 
voltage  is  maintained  in  one  direction.  This  point 
is  about  10  to  12  times  load  in  the  case  of  this 
machine.  This  is  also  about  the  point  of  maximum 
EI  output. 


Presented  at  the  358th  meting  of  the  American 
Institute  of  Electrical  Engineers,  Pitts- 
burgh, Pa.,  March  12,  1920. 

Copyright  1920.     By  A.  I.  B.  B. 


AUTOMATIC  RAILWAY  SUBSTATIONS 


BY  FRANK  W.  PETERS 

Railway  &  Traction  Bngineering  Dept.,  General  Blectric  Co., 

SchenecUdy.  N.  Y. 


This  paper  reviews  the  broad  ran^  of  conditions 
to  which  railway  automatic  substations  have  been 
applied  and  also  discusses  the  economies  and  operat- 
ing advantages  effected  by  their  use.  A  description 
is  given  of  the  modem  equipment  with  details  of  its 
operation.  Special  reference  is  made  to  improvements 
in  design  of  control  apparatus,  to  the  positive  se- 
quence of  starting  the  machines  and  the  protection 
afforded  the  apparatus  against  overloads  or  other 
irregularities  either  outside  or  internal  to  the  stations. 


PRESENT  day  railway  conditions  are  such  that 
any  improvement  leading  to  the  reduction  of 
invested  capital  or  decreased  operating  charges 
is  of  vital  importance.  Automatic  substations  as 
shown  by  several  years'  operation  have  resulted  in 
decided  economies  and  improved  operating  conditions, 
and  as  the  subject  has  not  been  presented  before 
the  A.  I.  E.  E.  since  an  account^  of  the  original  in- 
stallation was  prepared  a  review  of  the  modem 
automatic  equipment  seems  desirable. 

The  first  automatically  controlled  railway  substa- 
tion was  placed  in  service  during  December  1914,  on 
the  Elgin  &  Belvedere  Electric  Railway.  The  station 
equipment  prior  to  being  made  automatic  consisted 
of  a  single  300-kw.,  600- volt,  25-cycle,  three-phase 
synchronous  converter  with  three  single-phase  110- 
kv-a.,  26,000-370- volt  self-cooled  transformers  and 
standard  manually-operated  switchboard  apparatus. 
The  individual  devices  comprising  the  first  equipments 
were  with  but  few  exceptions,  those  which  had  pre- 
viously been  developed  by  electrical  manufacturers 
for  use  in  other  applications.    This  condition  was  a 
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decided  advantage  to  the  operating  companies  since 
developmental  charges  were  eliminated,  rendering 
the  equipments  comparatively  low  in  cost,  which  in 
addition  to  the  successful  operation  of  the  early  in- 
stallations made  possible  the  rapid  growth  of  auto- 
matic application  to  electric  railways. 

Shortly  after  the  initial  installation  on  the  Elgin  & 
Belvedere  Electric  Railway,  the  two  remaining  sub- 
stations on  that  road  were  made  automatic,  followed 
by  the  Potomac  Electric  Power  Co.  which  made 
automatic  a  500-kw.  substation.  About  that  time 
(1916)  the  Des  Moines  City  Railway  and  Intenirban 
Railway  Co.,  two  adjacent  roads,  outlined  and  have 
practically  completed  a  program  involving  automatic 
substations,  which  has  resulted  in  the  most  notable 
example  of  their  use  up  to  the  present  time.  These 
roads  now  have  in  operation  a  total  of  three  300-kw. 
and  nine  500-kw.,  600- volt  automatic  synchronous 
converter  equipments.  The  confidence  iniq)ired  in 
the  minds  of  operating  engineers  and  the  rapid  adop- 
tion of  this  comparatively  new  phase  of  electric  ndl- 
way  operation  was  in  no  small  measure  accelerated  by 
the  successful  performance  of  this  rather  broad  applica- 
tion. 

The  range  of  requirement  to  which  the  new  scheme 
could  be  successfully  applied  was  demonstrated  when 
in  1917  two  300-kw.,  600- volt,  25-cycle  synchronous 
converters  operated  in  series  on  1200  volts  by  the 
Milwaukee  Railway  &  Light  Co.  were  automatically 
equipped.  Two  automatic  substations  each  contain- 
ing one  600-kw.  1500-volt  d-c.  induction  motor-gen- 
erator set  were  also  installed  in  1919  by  the  Salt  Lake, 
Garfield  &  Western  Railway.  The  Rhode  Island  Co. 
have  for  some  time  been  operating  a  station  contain- 
ing two  300-kw.,  600- volt  converters  in  parallel,  while 
in  other  localities  portable  automatic  substations  have 
been  functioning  successfully.  Railway  converters 
now  automatically  equipped  range  in  size  from  200 
to  1500  kw.  with  motor-generator  sets  from  800  to 
2000  kw.  The  total  capacity  operating  in  this  manner 
and  including  those  in  process  of  installation  is  eatir 
mated  to  be  45,500  kw.  while  the  number  of  automatic 
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equipments  involved  is  approximately  79,  59  of  which 
having  been  applied  to  300-  and  500-kw.  sizes,  and 
the  remainder  cover  the  range  of  various  types  and 
sizes  of  installations  briefly  referred  to. 

While  it  is  the  intention  to  confine  the  scoi>e  of  this 
paper  to  railway  activities,  it  is  interesting  to  note 
that  a  hydroelectric  station  on  the  Iowa  Railway  & 
Light  Company's  system  containing  three  500-kv-a. 
synchronous  generators  has  been  operated  automati- 
cally since  1917  while  the  Interstate  Light  &  Power 
Co.  in  the  same  year  placed  in  operation  a  3000-kv-a. 
automatic  synchronous  condenser.  The  Union  Elec- 
tric Light  &  Power  Co.  is  applying  the  scheme  to  a 
2000-kw.,  250- volt  lighting  synchronous  converter. 
Railway  operation,  up  to  the  present  time,  has  pre- 
sented apparently  the  most  attractive  field  for  the 
use  of  automatic  features,  but  a  well  grounded  start 
in  other  lines  has  been  made  and  it  is  only  reasonable 
to  expect  considerable  activity  in  the  lighting  and  hy- 
droelectric branch  of  the  industry. 

Without  question  a  direct  reduction  in  operating 
expense  has  been  the  prime  motive  for  the  purchase 
by  railway  companies  of  automatic  substations.  The 
saving  is  effected  in  several  ways,  although  it  is  a 
variable  and  depends  on  conditions  under  which  a 
particular  station  is  operated  as  well  as  the  number 
and  capacity  of  machines  in  the  station. 

Labor  Saving.  Considering  the  several  items  of  sav- 
ing more  or  less  in  their  order  of  importance,  the  matter 
of  eliminating  operator's  wages  stands  out  most  prom- 
inently. In  those  localities  where  three  eight-hour 
shifts  are  in  force  in  single-unit  substations  the  labor 
saving  alone  from  automatic  operation  will  often  wipe 
out  the  original  cost  of  the  equipment  in  two  to  three 
years.  Where  only  one  or  two  station  attendants 
are  employed,  as  generally  is  the  case  on  the  average 
interurban  system,  the  net  return  is  not  so  great,  but 
usually  is  sufficient  to  represent  a  desirable  return 
on  the  investment  in  extra  equipment  incident  to  auto- 
matic operation.  When  two  or  three  machines  are 
installed  in  a  single  station  an  equal  number  of  com- 
plete automatic  units  are  necessary,  requinw^  X^'^o  qx 
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three  times  the  initial  investment  of  a  single-unit  sta- 
tion. This  fact  makes  it  more  difficult  to  justify 
automatic  operation  of  such  a  station  if  only  the 
saving  of  station  attendant's  wages  is  considered.  A 
further  study,  however,  of  other  savings  and  advan- 
tages inherent  to  automatic  operation  as  applied  to  a 
specific  case  may  show  economy  of  sufScient  magni- 
tude to  warrant  two-unit  automatic  substations. 

The  procuring  of  competent  labor  constitutes  one 
of  the  trying  difficulties  which  operating  companies 


CONTAININO 
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have  had  to  contend  with  during  recent  years.  A 
natural  result  of  such  a  condition  as  applied  to  manu- 
ally operated  substations  is  a  poor  handling  of  ap- 
paratus with  a  corresponding  increase  in  maintenance 
costs  and  less  efficient  operation.  The  substitution 
of  automatic  stations  for  the  manually  operated  types 
eliminates  this  difficulty  in  the  proportion  to  the  ex- 
tent of  substitution  and  also  reduces  the  ill  effects 
resulting  from  labor  difficulties.  While  these  features 
are  assets,  they  are  somewhat  intangible  and  not  easily 
capitalized. 
A  complete  elimination  of  all  labor  charges  against 
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these  stations  is  not  feasible  since  a  regular  system  of 
inspection  must  be  maintained.  Some  companies 
include  this  work  as  a  portion  of  a  patrolman's  or 
other  workman's  duties,  while  other  companies  which 
operate  several  of  these  stations  employ  a  man  who 
devotes  his  entire  time  to  this  phase  of  the  work. 
Those  stations  having  high-tension  aluminum-cell 
lightning  arresters  require  daily  visits  by  an  inspector 
to  charge  the-arresters,  at  which  time  a  casual  inspec- 
.  tion  of  the  automatic  equipment  may  be  performed 
so  as  to  preclude  any  minor  irregularities 


—Interior  View  of  1000-Kw.  600-voi.t  Syncbbonous 
Converter  Automatic  SreaTATios — Pacific  Elkctric  Rail- 
way 

serious.  Where  a  reliable  high-tension  arrester  is 
used  which  does  not  require  charging  such  as  the  oxide 
film  type,  two  or  three  hasty  inspections  per  week  have 
been  found  ample.  At  intervals  of  approximately 
two  weeks  a  thorough  inspection  should  be  made  and 
a  detailed  report  prepared  to  indicate  the  condition  of 
every  device.  The  amount  charged  against  each 
station  for  this  service,  including  maintenance  as  re- 
ported by  several  companies,  varies  considerably  but 
will  average  approximately  $300.00  per  year. 
Ldght  Load  Savings.  Saving  in  light  load  losses,  due 
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to  automatically  shutting  down  a  station  when  little 
or  no  power  demand  exists,  is  most  noticeable  on  in- 
terurban  roads  maintaining  an  infrequent  headway. 
Often  a  station  in  manual  operation  will  run  idle  from 
a  quarter  to  half  the  total  operating  time  particulariy 
so  if  the  schedule  results  in  train  passing  points  in  the 
immediate  vicinity  of  the  substations.  In  the  event 
passing  points  are  between  stations  the  machine  shut- 
down period  will  be  somewhat  reduced:  The  total 
energy  saving  from  this  soiut^  as  applied  to  single- 
unit  interurban  stations  depends  upon  the  track  lay- 
out, characteristics  of  the  schedule  and  energy  required 
to  idle  the  machine  which  for  a  500-kw.  converter 
equipment  is  approximately  16  kw. 

Energy  saving  in  interurban  stations  having  two 
machines  automatically  operated  may  work  out  to  be 
very  attractive  especially  if  the  second  machine  is 
used  to  help  out  on  rush  service  or  move  occasional 
heavy  express  or  freight  trains.  With  automatic  op- 
eration the  second  machine  would  cut  in  only  when  a 
demand  for  additional  power  existed  and  would  drop 
out  when  not  required.  Prompt  action  in  this  req)eet 
is  a  decided  factor  in  economy  which  while  not  entirdy 
overlooked  in  the  average  manually  operated  subetar 
tion,  is  a  possible  saving  considerably  neglected. 

Two  Unit  Statiom,  Combining  the  savings  aceniing 
from  the  elimination  of  labor  and  light-load  loBses  in 
two-unit  parallel-operated  automatic  stations,  to- 
gether with  other  advantages,  the  arrangement  is 
justified  as  evidenced  by  the  operation  of  the  two-unit 
station  on  the  Rhode  Island  Company's  syston  as 
well  as  a  station  now  being  installed  by  the  Dayton  & 
Troy  Electric  Railway  Co.  containing  two  300-kw., 
600-volt  converters  and  a  station  on  the  Cleveland, 
Railway  Co/s  system  containing  two  1500-kw.,  600- 
volt  converters. 

Coal  Saving.  The  elimination  of  coal  or  i>erhapB 
considerable  energy  used  by  electric  radiators  for  heat- 
ing the  station  or  operator's  booth  is  another  direct 
saving  attributed  to  automatic  equipments.  In  the 
more  northern  localities  this  item  is  sufficient  to  wai^ 
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rant  consideration  especially  in  view  of  the  scarcity 
and  price  of  coal  prevailing  in  recent  years. 

Building  Desifpi.  Building  design  best  suited  to  accom- 
modate automatic  substations  as  shown  in  Fig.  4  is  often 
materially  different  than  that  common  to  manually 
operated  stations.  Simplicity,  with  resulting  Iow^«d 
initial  cost,  seems  to  predominate.  The  structure  is 
arranged  to  house  all  apparatus  indoors,  which  with 
locating  the  windows  out  of  reach  affords  a  protec- 
tion from  vandalism.    Ample  ventilation  is  provided 


Fio.  4 — Exterior  View  of  Polk  Boulevard  Automatic 
Substation  Containino  500-Kw.  600-volt  Stncbronoub 
CoNVERTEB — Deb  Moines  Citt  Railway 

by  louvers  located  in  the  side  walls  near  the  floor  level 
and  ventilators  in  the  roof. 

Load  Factor  Improvement.  It  is  a  well-known  fact 
that  the  load  factor  on  the  average  interurban  sub- 
station is  exceptionally  low.  Otherwise  expressed, 
this  means  an  unusually  large  investment  in  electrical 
apparatus  compared  to  the  average  all  day  power 
delivered  from  the  station.  This  condition  arises  be- 
cause sufficient  capacity  must  be  installed  to  accom- 
modate not  only  the  regular  service,  but  also  to  take 
care  of  excess  demands  usually  of  short  duration  such 
as  results  from  accidental  bunching  of  trains,  snow 
plows  or  occasional  heavy  freight  trains.    Theae  >xc«%- 
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ularities  because  of  their  rather  brief  demands  on  any 
one  station  do  not,  by  heating  limitations  neoesBltate 
greatly  increased  substation  capacity,  but  they  do 
severely  tax  the  station  apparatus  from  the  point  of 
commutation  and  short  period  capacity.  Since  in  tiie 
past  there  has  been  no  alternative  but  to  provide 
large  capacity  machines  to  protect  against  these  con- 
tingencies, the  condition  of  low  load  factor  resulted 
in  high  investment  charges  for  the  average  c 
delivered. 


200-Kw.    iiOO-VoLT  STirCHsoNoni 
'4  CiNci.vNATi    Lawrenbbusq    aitd 
Electric  Htrbet  Railwat 


The  automatic  substation  functions  in  a  manner 
partially  to  remedy  the  situation  so  that  the  average 
load  approaches  the  maximum  load  demand  on  the 
station,  which  condition  permits  increased  traffic  be- 
ing served  by  a  given  substation  or  conversely  pamits 
a  smaller  substation  capacity  to  serve  a  given  traffic. 
This  condition  is  brought  about  by  inserting  a  high- 
capacity  resistance  in  the  direct-current  side  of  the 
machine  at  times  of  severe  overload.  The  direct  pur- 
pose of  the  resistance  is  to  limit  the  ciurent  deliva«d 
to  a  reasonable  value,  which  prevents  the  abuse  of 
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apparatus  arising  from  any  load  demand.  The  effect 
of  this  device  is  to  cut  off  the  high  current  peaks  so 
frequent  to  substations  serving  rush  service,  locomo- 
tives, heavy  freight  trains  or  other  requirements 
where  the  momentary  demands  tax  the  commutatioa 
capacity  of  the  machines.  With  the  peak  loads  lim- 
ited to  a  safe  value,  it  then  becomes  possible  to  permit 
the  average  load  to  approach  somewhat  nearly  the  con- 
tinuous capacity  of  the  machine  which  condition  re- 
sults in  load  factor  betterment.  Caution  must  be 
exercised,  however,  not  to  exceed  the  limit  in  this 
direction  since  the  resistors  may  be  in  circuit  suffi- 


ciently to  interfere  too  greatly  with  the  average  trolley 
voltage,  thereby  decreasing  train  speeds  as  well  as 
incurring  an  undesirable  energy  loss  from  heating  in 
the  resistors.  Based  on  this  principle  as  well  as  the 
fact  that  the  average  heating  of  transformers  is  low 
in  the  smaller  interurban  automatic  substations  due' 
to  frequent  light-load  shut-downs,  it  has  become 
generally  standard  practise  in  these  stations  to  pro- 
vide transformers  having  a  capacity  equal  to  80  per 
cent  of  the  converter  rating.  In  justification  of  the 
idea  it  may  be  noted  that  there  are  in  operation  at 
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least  two  railway  systems  where  full  advantage  of  the 
principle  is  realized  with  exceedingly  satisfactorily  re- 
sults. 

Feeder  Saving.  Reduction  in  feeder  copper  is  effected 
by  the  application  of  automatic  substations  based  on 
the  fact  that  elimination  of  labor  cost  in  such  stations 
permits  a  closer  spacing  and  smaller  capacity  than 
would  be  the  case  with  the  manually  operated  tjrpe. 
For  the  same  line  characteristics  then  less  feeder  cop- 
per is  required.  The  installation  of  automatic  sta- 
tions has  in  several  instances  resulted  in  the  removal 
of  sufficient  copper  to  offset  materially  the  cost  of  the 
station.  Frequently,  conditions  arise  on  existing  roads 
when  it  is  necessary  to  bolster  up  some  particular  sec- 
tion of  the  system  due  to  rapid  growth  in  service 
requirements.  An  automatic  station  is  often  the 
cheapest  means  of  producing  the  desired  result  since 
it  is  more  economical  to  operate  than  a  manual  equip- 
ment. 

Electrolysis.  The  effects  of  electrolysis  may  be  to 
an  extent  eliminated  by  the  use  of  automatic  sub- 
stations since  their  economic  spacing  is  less  than  those 
manually  operated.  Such  an  arrangement'  shortens 
the  negative  return  with  a  consequent  reduction  in 
potential  difference  between  the  rail  and  adjoining 
water  mains.  The  National  Bureau  of  Standards 
recognize  this  benefit  in  connection  with  the  principle 
of  automatic  substation  installations. 

As  previously  stated  the  first  automatic  installation 
consisted  of  devices  which  with  but  few  exceptions 
had  already  been  developed  by  manufacturers  for 
application  to  other  service  such  as  power  station,  car 
equipment,  steel  mill  and  similar  industrial  requu^ 
ments.  Experience  soon  taught,  however,  that  success- 
ful automatic  substations  required  an  ultra-reliable  class 
of  apparatus  since  the  failure  of  a  single  device  means 
a  shut-down  of  considerable  duration  because  it  neces- 
sitates sending  a  man  from  some  distant  point  to 
investigate  the  trouble.  This  fact  has  been  realized 
by  the  manufacturers  and  based  on  experience  during 
recent  years  a  class  of  apparatus  has  been  developed 
for  these  stations  which  embodies  a  degree  of  reliabil- 
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ity  consistent  with  the  exacting  demands  of  present- 
day  railway  service. 

Details  of  Operation.  The  functions  of  starting  and 
connecting  the  machines  to  the  line  upon  power  de- 
mand and  finally  shutting  them  down  after  the  de- 
mand for  power  has  ceased  are  all  carried  on  in  their 
proper  sequence  without  any  assistance  whatsoever 
from  an  operator.  In  present  day  practise  the  great 
majority  of  these  stations  are  controlled  entirely  by 
the  automatic  equipment  in  accordance  with  the  above 
statement,  but  a  few  are,  for  specific  reasons,  remotely 


controlled  by  dispatchers  with  the  aid  of  a  pilot  wire. 
A  remote  controlled  station  as  generally  applied  may 
be  considered  in  the  same  class  with  a  purely  auto- 
matic station  since  the  control  current  merely  replaces 
the  automatic  devices  which  determine  when  the  sta- 
tion is  to  start  or  stop.  The  remaining  apparatus 
which  performs  the  actual  switching  operations  are 
identical  in  both  cases. 

The  type  of  automatic  equipments  in  the  most  ex- 
tensive use  consists  of  a  group  of  relays,  grid  resistors 
and  standard  contactors,  which  together  with  a  motor 
driven  drum  controller  shown  in  Fig.  ft  pertaroi  ^}t* 
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usual  function  of  starting,  stopping  and  iwtectiiig 
the  machines  against  irregularities  without  the  aid 
of  an  attendant.  In  general,  relays  are  used  idiere 
the  functions  of  starting,  stopping  and  protecting  the 
machines  depend  upon  voltage,  current  or  indepen- 
dent time  values.  During  starting  and  stopinng,  how- 
ever, numerous  operations  must  be  performed  in  a 
definite  sequence,  which  if  not  strictly  adhered  to,  is 
conducive  to  service  interruptions.  The  motor-drivoi 
drum  controller  is  used  to  obtain  this  fixed  time  rela- 
tion of  events  and  to  substitute,  wherever  possible,  a 
type  of  contact  more  substantial  than  can  be  used  with 
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relays.  This  device  also  includes  a  small  d-«.  gener- 
ator which  at  the  proper  time  during  the  starting 
operation  separately  excites  the  converter  firfd,  thereby 
definitely  and  immediately  insuring  the  correct  polarity. 
Protective  devices  having  the  following  duties  are 
provided  to  perform  the  functions  ordinarily  left  to 
the  discretion  of  the  operator. 

1.  To  limit  the  overloads. 

2.  To  limit  the  temperatures. 

3.  To  shut  down  the  machine. 

(a)  When  a-c.  or  continuous  d-c.  short  circuits 

occur. 

(b)  Upon  failure  of  alternating  current. 

(c)  Upon  failure  of  any  device. 

(d)  In  case  of  excessive  speed. 

(e)  Upon  reversal  of  direct  current. 
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4.  To  prevent  machine  starting. 

(a)  During  low  a-c.  voltage. 

(b)  During  single-phase  a-c.  supply. 

By  referring  to  Fig.  1  which  is  a  typical  wiring  dia- 
gram of  an  automatic  500-kw.,  600-volt  equipment, 
the  sequence  of  operation  may  be  followed.  For  con- 
venience of  reference  the  principal  devices  have  been 
numbered  or  otherwise  labeled.  It  will  be  noted  that 
the  220-volt  a-c.  control  bus  is  continuously  excited 
from  the  control  transformer  No.  11  and  the  operating 
coil  of  contact-making  voltmeter  No.  1  is  always  con- 
nected between  trolley  and  groimd. 

Assuming  a  particular  station  is  shut  down  and  a 
train  is  approaching.  As  it  increases  its  distance  from 
the  next  station  on  the  line  it  will  eventually  cause 
the  trolley  voltage  to  drop  and  at  a  predetermined 
value,  usually  450  volts,  contact-maldng  voltmeter 
No.  1  opens,  de-energizing  the  operating  coil  of  relay 
No.  2,  which  had  been  previously  held  open  by  excita- 
tion from  the  220-volt  a-c.  control  bus  through  relay 
No.  1.  The  closing  of  No.  2  closes  relay  No.  3  caus- 
ing it  to  pick  up  and  close  contactor  No.  4  provided 
the  hand  reset  switch  and  contacts  of  a-c.  low-voltage 
relays  No.  27  are  closed.  Relays  No.  2  has  a  dash- 
pot  to  prevent  momentary  fluctuation  of  low  voltage 
from  producing  false  operations  of  the  machine.  With 
the  drum  controller  No.  34  in  the  "off  position"  as 
would  be  the  case  before  the  machine  starts,  con- 
tactor No.  4  completes  a  circuit  through  s^ments  No. 
13  and  No.  16  on  the  drum  controller  and  the  limit 
switch  of  the  brush-raising,  device  which  closes  con- 
tactor No.  6,  thereby  starting  rotation  of  the  motor- 
driven  drum  controller.  Controller  segment  No.  15 
soon  closes  contactor  No.  5  which  in  turn  energizes 
the  motor-operated  oil  switch  mechanism  causing  the 
main  converter  transformers  to  become  energized  by 
the  closing  of  oil  circuit  breaker  No.  7.  The  operating 
coil  connection  of  contactor  No.  5  is  then  transferred 
from  segment  No.  15  to  No.  14.  This  circuit  passes 
through  an  auxiliary  switch  on  the  oil  circuit  breaker  j 

to  insure  the  return  of  all  devices  to  their  normal  posi-  1 

tion  should  the  breaker  open  for  any  reason.    When 
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segment  No.  2  makes  contact,  starting  contactor  No. 
10  is  closed  connecting  the  converter  to  the  low- 
voltage  taps  provided  the  a-c.  supply  is  deUvering 
three-phase  current  as  determined  by  relay  No.  32. 
Shortly  the  drum  controller  stops  rotating  because 
of  the  gap  in  segment  No.  16  and  waits  if  necessary 
for  the  converter  to  come  up  to  speed.  At  approxi- 
mately synchronism,  speed-control  switch  No.  18 
closes,  bridging  by  aid  of  segment  No.  20  the  gap  in 
segment  No.  16,  causing  the  controller  again  to  start 
rotating  so  as  to  complete  the  function  of  connecting 
the  machine  to  the  line. 

Next  segment  No.  3  closes  contactor  No.  31  con- 
necting to  the  converter  fields  a  250-volt  supply  ob- 
tained from  the  small  generator  on  the  drum  con- 
troller, thereby  immediately  ensuring  proper  polarity. 
Contactor  No.  31  is  then  opened  by  segment  No.  3  and 
the  self-exciting  field  contactor  No.  14  closed  by  sqj- 
ment  No.  4  and  running  contactor  No.  16  closed  by 
segment  No.  5  connecting  the  converter  to  normal 
secondary  a-c.  voltage.  Starting  and  running  con- 
tactors No.  10  and  No.  16  are  both  mechanically  and 
electrically  interlocked  with  respect  to  one  another  to 
insure  against  accidentally  short-circuiting  a  portion 
of  the  transformer  secondary  winding.  Segment  No. 
26  next  starts  the  motor-operated  brush  rigging  caus- 
ing the  converter  brushes  to  be  lowered  which  com- 
pletes the  operation  of  preparing  the  machine  for  con- 
nection to  the  d-c.  bus.  Segment  No.  7  is  next  ener- 
gized with  600  volts  direct  current  and  shortly  there- 
after segment  No.  8  closes  the  d-c.  line  contactor  No. 
18  whose  control  circuit  is  in  series  with  converter 
field  relay  No.  30,  polarized  relay  No.  36  and  auxili- 
ary switches  on  running  contactor  No.  16  and  control 
contactor  No.  4,  thereby  ensuring  before  closing  No. 
18  that  the  converter  has  proper  polarity,  correct  field 
and  full  voltage  a-c.  running  connections. 

As  soon  as  the  line  contactor  closes  the  machine 
delivers  load  to  the  bus  through  the  load  limiting 
resistors  which,  however,  are  soon  short-circuited 
by  contactors  No.  20  and  No.  21  operated  by  8^;ments 
No.  9  and  No.  10.    The  drum  controller    is  then 
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stopped  by  segment  No.  17.  When  connection  to  the 
bus  is  made  through  No.  18  the  flow  of  current  closes 
relay  No.  37,  which  will  cause  relay  No.  3  to  remain 
closed  regardless  of  relay  No.  1  whose  function  started 
the  station.  In  other  words  the  control  of  the  station 
is  now  dependent  on  the  contacts  of  No.  37  which 
will  remain  closed  so  long  as  a  predetermined  current 
is  being  delivered  to  the  bus.  Should  the  current  fall 
below  a  set  value,  relay  No.  37  will  open  and  cause 
relay  No.  3  to  drop  out  after  a  certain  period  of  time 
and  shut  down  the  station.  Relay  No.  3  has  a  dash- 
pot  and  is  timed  so  that  momentary  low  values  of  cur- 
rent causing  No.  37  to  open  will  not  shut  down  the 
equipment. 

When  the  station  does  shut  down  relay  No.  3  opens 
contactor  No.  4  causing  running  contactor  No.  16  and 
d-c.  line  contactor  No.  18  to  drop  out  and  disconnect 
the  machine.  Contactor  No.  5  opens  after  contactor 
No.  4  which  operation  establishes  through  an  auxiliary 
contact  a  circuit  to  contactor  No.  6,  thereby  starting 
the  controller  and  running  it  to  its  "off  position." 
While  doing  this,  however,  segment  No.  24  trips  out 
the  oil  circii^t  breaker  and  segment  No.  25  causes  the 
converter  brushes  to  be  raised  in  preparation  for  start- 
ing upon  the  next  load  demand. 

The  preceding  covers  briefly  the  necessary  opera- 
tion in  starting  and  stopping  the  machines,  but  there- 
remain  the  equally  important  functions  of  protecting 
the  equipment  from  irregularities  caused  by  disturb 
ances  on  either  the  a-c.  or  d-c.  side  of  the  station  or 
within  the  apparatus  itself.  Briefly  these  contin- 
gencies are  taken  care  of  as  follows: 

In  the  event  a  heavy  d-c.  overload  occurs,  relay  No. 
24  will  pick  up  and  open  contactor  No.  20,  thereby 
inserting  resistance  in  the  circuit.  Should  the  over- 
load increase  to  a  greater  value,  relay  No.  25  will  op- 
erate and  insert  more  resistance,  and  in  stations  not 
provided  with  individual  feeder  protection  a  third 
step  of  resistance  is  provided  to  limit  still  greater 
overload  demands.  The  value  of  resistance  used  is 
such  as  to  permit  short  circuit  in  the  immediate  vicin- 
ity of  the  station  without  injuring  the  machine.    The 
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resistor  capacity,  which  determines  the  length  of  time 
heavy  overloads  can  be  carried  by  the  resistors  with- 
out serious  heating,  is  to  a  degree  a  function  of  the 
service  requirements  but  the  duration  of  those  irregu- 
larities cannot  be  foretold  with  accuracy  and  the 
practise  of  providing  liberal  capacity  in  tiie  resistors 
has  not  only  proved  desirable  but  very  necessary.  In 
some  stations  individual  feeder  protection  which  con- 
sists of  an  overload  relay  No.  23,  a  contactor  No.  19 
and  a  resistor  in  each  feeder  circuit  is  installed,  thereby 
localizing  to  a  degree  the  function  of  overload  pro- 
tection to  each  feeder.  With  such  an  arrangement 
only  two  sections  of  resistance  are  used  in  the  ma- 
chine circuit. 

Protection  from  overheating  the  machine,  its  bear- 
ings and  load  limiting  resistors  is  obtained  by  use  of 
temperature  relays  No.  38  and  No.  33  arrajoged  to 
shut  down  the  station  immediately  should  sudi  a  con- 
dition arise. 

A  reversal  of  operation  as  a  d.c.  motor  is  prevented  by 
relay  No.  29  and  over-speed  by  speed-limit  switch  No. 
12-A.  Both  of  these  devices  necessarily  operate  a  control 
circuit  which  immediately  opens  contactor  No.  4  and 
shuts^down  the  station.  A  shunt-trip  hand-operated 
d-c.  circuit  breaker  No.  15  is  in  series  with  No.  18  and 
only  used  to  protect  against  the  possibility  of  the  line 
contactor  freezing  closed.  Should  this  condition  occur 
the  converter  would  motor  from  the  d-c.  end  upon  the 
a-c.  end  being  disconnected  and  the  excessive  speed 
resulting  would  trip  the  circuit  breaker  No.  15  throned 
the  operation  of  speed  switch  No.  12. 

In  case  a  short  circuit  occurs  on  the  a-c.  side  of  the 
equipment,  the  definite  time-limit  overload  relay  No. 
28  will  trip  out  the  main  oil  circuit  breaker,  shutting 
down  the  station  and  at  the  same  time  opening  the 
hand  reset  switch  which  necessitates  reclosing  by  hand 
before  the  station  can  be  started  again.  This  feature 
insures  an  inspector  visiting  the  station  to  investigate 
the  cause  of  the  serious  a-c.  overload. 

Low  a-c.  voltage  relay  No.  27  which  is  calibrated 
for  a  definite  value  is  connected  so  as  not  to  permit  the 
station  to  start  or  to  shut  it  down  if  running  should 
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the  high-tension  voltage  become  so  low  as  to  interfere 
with  proper  operation. 

If  for  any  reason  a  single-phase  condition  exists  on 
the  secondary  side  of  the  transformer  during  starting 
operations,  relay  No.  32  will  lock  out  starting  contactor 
No.  10  and  prevent  the  converter  from  being  connected 
to  the  transformer. 

Polarized  relay  No.  36  protects  against  the  possi- 
biUty  of  the  machine  ever  being  connected  to  the  line 
in  the  reverse  direction.  Unless  proper  polarity  has 
been  established  before  connecting  the  machine  to  the 
bus,  line  contactor  No.  18  will  not  close. 

In  stations  containing  a  motor-generator  set  in- 
stead of  a  synchronous  converter,  certain  modifica- 
tions to  the  equipment  are  necessary  to  accommodate 
the  starting  operations,  but  the  scheme  of  operation 
with  few  exceptions  is  similar  to  the  converter  equip- 
ments. Oil-immersed  starting  ^d  running  contactors 
are  used  because  of  the  higher  transformer  secondary 
voltage  and  a  certain  amount  of  overload  protection 
is  obtained  by  inserting  one  or  two  stepi  of  resistance 
in  the  generator  field  circuit  in  addition  to  two  steps 
of  series  resistance  in  the  main  d-c.  circuit.  This 
arrangement  reduces  initial  cost  since  the  field  resist- 
ance and  its  contactors  are  of  small  capacity.  An 
energy  saving  in  resistor  heat  loss  is  also  accomplished. 
The  250-voIt  generator  on  the  dnmi  controller  be- 
comes unnecessary  in  the  case  of  a  motor-generator 
automatic  equipment. 

The  recent  development  of  flash  barriers  for  railway 
machines  affords  a  device  of  much  benefit  to  auto- 
matic substations  and  these  devices  are  now  included 
by  one  manufacturer  as  a  regular  part  of  the  equip- 
ment. Where  conditions  are  particularly  severe  and 
much  trouble  is  experienced  from  flashing,  barriers 
and  a  quick-acting  circuit  breaker  will  practically  pro- 
tect the  machine. 

The  recent  development  in  automatic  equipments 
has  largely  consisted  of  perfecting  and  making  more 
reliable  the  present  type  of  station  as  well  as  arranging 
for  and  appljring  the  principle  in  other  applications 
such  as  lighting,   mining  and  hydraulic  generating 
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stations.  Among  specific  instances  of  improved  de- 
sign may  be  mentioned  the  elimination  from  the 
equipment  of  all  disk-type  interlocks  and  the  substi- 
tution of  substantial  finger-type  auxiliary  contacts. 
Relay  contact  elements  have  been  improved  where 
necessary  so  as  to  provide  a  quick  maJce  and  break 
action  and  on  d-c.  circuits  blow-out  coils  have  been 
added.  An  improved  type  of  motor-operating  mechan- 
ism as  shown  in  Fig.  7  for  oil  circuit  breakers  is  now 
in  use  in  which  compactness  and  reliability  are  the 
outstanding  features.  D-c.  contactors  having  a  rup- 
turing capacity  sufficient  to  handle  any  load  condi- 
tions have  been  developed  and  are  performing  their 
function  with  complete  success.  Reverse  current  and 
under-load  relays  of  substantial  construction  and  capa- 
ble of  accurate  calibration  at  low  current  values  have 
been  designed  to  accommodate  the  conditions  of  auto- 
matic substation  operation. 

The  use  of  automatic  control  in  railway  substation 
has  in  a  comparatively  short  time  expanded  to  where 
it  is  firmly  established  in  city  and  interurban  railway 
operation.  The  successful  experience  of  the  past  has 
resulted  in  larger  capacity  stations  serving  heavy 
traffic  being  made  automatic.  The  adaptation  of 
this  type  of  control  to  electric  trunk  line  service,  at 
2400  or  3000  volts  direct  current  as  well  as  more  ex- 
tended use  in  the  strictly  industrial  field  is  not  far 
beyond  the  horizon. 


PrgstuUd  at  tk4  ^sSth  wuiting  oftlu  American 
Institutg  of  BXtctrical  Enginurs,  Pitts- 
burgh, Pa.,  March  12.  1920. 
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AUTOMATIC  SUBSTATIONS  FOR  HEAVY  CITY 

SERVICE 


BY  R.  J.  WENSLEY 

Westinghouse  Electric  ft  Manufacturing  Co. 


WHEN  automatically  controlled  substation  equip- 
ment was  in  the  development  stage,  the  general 
consensus  of  opinion  was  that  its  greatest 
field  lay  in  relieving  the  smaller  interurban  systems 
of  a  greater  portion  of  their  substation  opera- 
ting labor.  While  many  such  systems  have  installed  one 
or  more  automatic  substations,  they  have  not  displayed 
the  interest  in  the  matter  that  was  expected.  In 
many  cases  the  officials  have  professed  their  total 
inability  to  finance  the  new  apparatus  even  though  the 
investment  would  show  a  very  attractive  saving. 

On  the  other  hand,  it  is  very  gratifying  to  those 
directly  interested  in  the  subject,  that  the  larger  city 
street  railway  systems  are  eagerly  taking  up  the  ques- 
tion of  rebuilding  their  distribution  systems  by  taking 
full  advantage  of  the  decided  savings  made  possible 
by  automatic  operation  of  the  converting  equipment. 
Orders  received  from  this  source  have  more  than 
made  up  for  the  failure  of  the  smaller  roads  to  equal 
expectations. 

The  earlier  street  railway  systems  made  little  or  no 
attempt  to  lay  out  a  distribution  system  with  economy 
or  ejQiciency.  Any  location  available  was  seized  on  as 
a  power  house  site.  Cables  were  run  the  shortest 
possible  distance  to  the  trolley  and  from  that  point 
the  trolley  was  usually  the  only  means  of  carrying  the 
current.  As  service  demands  increased  due  to  larger 
cars  and  closer  schedules,  the  voltage  drop  became  too 
great  for  satisfactory  service  even  by  the  rather  lax 
standards  of  those  days.  To  remedy  this  the  trolley 
voltage  was  gradually  increased  from  the  early 
standard  of  500  volts  to  550  and  then  to  600  volts  and 
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the  feeders  were  run  parallel  to  the  trollqr  bo  as  to  help 
the  voltage  at  the  ends  of  the  lines. 

As  the  traffic  demands  increased  another  factor 
entered  into  the  distribution  problem,  that  of  electro- 
lytic destruction  of  underground  metallic  structureB 
such  as  water  pipes,  gas  mains  and  so  forth.  This 
necessitated  heavy  copper  feeders  in  parallel  with  the 
rail  to  prevent  the  returning  current  from  seeking  to 
travel  over  the  underground  piping  system.  The 
negative  booster  was  also  freely  used  to  compensate 
for  the  drop  in  these  return  feeders.  This  of  course 
was  practically  pure  waste  so  far  as  efficient  utilization 
of  the  power  was  concerned  since  the  entire  output  of 
the  boosters  was  expended  in  heating  the  cables.  It 
was  however  a  good  preventive  of  electrolytic  troubles 
and  therefore  widely  used  in  spite  of  its  wastefulness. 

All  this  time  the  source  of  power  supply  was  almost 
invariably  a  slow-speed  d-c.  machine  operating  at  550  to 
600  volts,  and  direct-connected  to  a  reciprocating  engine. 
These  units  grew  to  unwieldy  size  in  the  attempt  to 
keep  up  with  the  ever  increasing  demands  of  the  public 
for  more  transportation  facilities.  The  engine  driven 
alternator  and  then  the  turbo  alternator  came  to  the 
front  as  the  most  economical  method  of  power  genera- 
tion and  the  railway  substation  followed  soon  after. 
There  were  of  course,  railway  substations  in  operation 
long  before  the  turbine  became  popular  but  these  were 
exceptions  to  the  rule. 

Some  of  the  larger  cities  soon  installed  a  distribution 
system  composed  of  one  or  more  central  steam  plants 
with  a  number  of  large  substations  located  in  various 
parts  of  the  city.  Owing  to  the  cost  of  operating  labor 
these  were  kept  down  to  the  least  possible  number 
even  at  the  expense  of  considerable  investment  in 
feeder  copper.  There  are  many  of  the  old  systems  still 
in  operation  with  an  unwieldy  amount  of  feeder  copper 
in  the  air  and  with  PR  losses  amounting  into  the  millions 
of  kilowatt  hours  per  year.  Poor  trolley  voltage  with 
consequent  slowness  of  schedule  speeds  is  a  natural 
result  of  this.  The  possible  savings  to  be  had  from 
reduced  copper  losses,  reduction  in  running  time  and 
decreased  amount  of  motor  repairs  by  rebuilding  the 


1920]  R.  J.  WENSLEY  679 

distribution  system  would  in  many  cases  enable  a 
property  to  make  a  better  showing  of  earnings  than 
it  is  making  at  the  present  time. 

The  development  of  automatically  controlled  sub- 
station equipment  has  now  placed  in  the  hands  of  the 
distribution  engineer  a  possible  method  of  reconstruc- 
tion that  is  little  short  of  ideal.  Substations  can  now 
be  scattered  about  without  the  specter  of  heavy  and 
ever  rising  operating  labor  expense  to  be  watched. 
The  increase  in  the  number  of  substations  enables  the 
holding  of  good  trolley  voltage  without  the  heavy  ex- 
pense in  large  feeder  capacity  as  has  previously  been 
the  case.  Trouble  due  to  electrolysis  is  greatly  mini- 
mized and  in  many  cases  entirely  eliminated  by  the 
increase  in  number  of  substations. 

These  substations  are  of  course  not  one  himdred 
per  cent  efficient  so  care  must  be  used  in  applying  this 
remedy  that  it  not  be  overdone.  Sizes  of  machines 
and  stations  must  be  carefully  calculated  so  that  the 
load  factor  will  be  as  high  as  possible.  In  deciding 
on  the  best  sizes  of  equipment  to  install,  several 
factors  must  be  considered.  InterchangeabiUty  is 
always  desirable  and  therefore  there  should  be  as  few 
different  sizes  of  machines  as  consistent  with  economi- 
cal operation.  Wherever  possible  the  machines  in 
any  one  station  should  be  of  the  same  size  so  that  their 
places  in  the  operating  schedules  may  be  interchanged. 
In  most  city  applications  two  machines  will  prove  to 
be  the  most  desirable  number  for  an  automatic  station 
with  space  provided  for  a  third  machine  to  take  care 
of  future  growth.  In  most  cases  this  problem  of 
added  capacity  can  be  better  solved  by  the  installation 
of  additional  substations  when  the  load  grows  too 
great  for  the  original  installation  of  converting  equip- 
ment. This  latter  method  keeps  down  the  feeder 
copper  requirements. 

Where  two  machines  are  selected  for  a  given  location 
each  one  must  be  capable  of  carrying  the  normal  off 
peak  load  without  assistance.  The  combined  capacity 
must  be  sufficient  to  take  care  of  the  peak  load.  In 
some  cases  this  will  result  in  more  capacity  than  neces- 
sary during  the  off  peak  period,  and  in  other  cases  just 
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the  reverse,  depending  on  the  off  peak  load  being  less 
or  greater  than  half  the  peak. 

By  selecting  machines  of  combined  continuous  capac- 
ity equal  to  the  r.  m.  s.  value  of  the  peak  load,  a 
reasonable  reserve  capacity  is  allowed  since  the  two- 
hour  rating  will  probably  allow  one  machine  to  pull 
over  the  peak  if  the  other  is  out  of  service.  To  help 
in  such  cases,  a  limited  number  of  feeders  should  be 
run  through  from  one  station  to  another  so  that  the 
feeder  may  be  opened  in  the  station  in  trouble  thus 
transferring  a  portion  of  its  load  to  an  adjacent  sta- 
tion. The  automatic  load  limiting  resistances  supplied 
as  part  of  a  railway  automatic  substation  will  also 
help  out  in  such  cases  at  the  expense  of  the  trolley 
voltage. 

To  illustrate  the  way  in  which  the  problem  of 
applying  automatic  substations,  to  city  service  should 
be  approached,  a  city  of  about  300,000  population 
has  been  selected  to  serve  as  an  example.  This  city 
is  now  served  by  an  excellent  example  of  the  old 
method  of  centralized  distribution.  Fig.  1  shows 
in  a  general  way  the  stupendous  amount  of  feeder 
copper  that  has  been  installed  in  the  attempt  to  give 
good  service.  The  two  plants  are  about  three-quarters 
of  a  mile  apart  on  the  same  side  of  the  city  and  about 
one  mile  from  the  loop  district  where  lies  the  greatest 
load  concentration. 

The  heaviest  loaded  lines  are  on  the  opposite  side 
of  the  city  from  the  power  plants.  The  lower  plant 
is  the  oldest  one  and  is  mainly  equipped  with  recipro- 
cating units.  The  total  d-c.  capacity  of  this  plant  is 
about  8000  kw.  The  upper  plant  is  a  modem  turbine 
station  which  supplies  power  for  several  interurban 
systems.  In  this  plant  are  located  three  2000-kw. 
synchronous  converters.  This  gives  a  total  d-c. 
capacity  of  about  14,000  kw. 

Most  of  the  feeders  shown  in  the  cut  are  1,000,000 
cir.  mils.  There  is  a  total  of  25,800,000  cir.  mils  in 
feeders  both  positive  and  negative  leaving  the  old 
plant,  23,000,000  cir.  mils  leaving  the  new  plant  and 
8,000,000  cir.  mils  in  tie  lines  between  the  plants. 
One  of  the  heaviest  loaded  lines  runs  from  the  loop 
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directly  away  from  the  plants  with  the  end  of  the  line 
about  seven  miles  distant  measured  along  the  feeder 
run. 

Of  this  total  feeder  capacity  about  40,000,000  cir. 
mils  are  in  the  positive  feeders,  the  remaining  being 
in  the  return  feeders.  The  average  length  of  feeder 
to  the  center  of  its  load  is  about  two  miles.  The 
peak  load  on  the  two  plants  is  about  22,000  amperes. 
Assuming  for  estimating  purposes  that  the  rail  and 
return  feeder  drop  will  be  somewhere  near  equal,  we 
find  that  at  peak  load  the  average  voltage  at  the  load 
centers  will  be  475  volts  with  600  volts  on  the  station 
bus  bars.  The  PR  losses  reach  the  enormous  value 
of  2750  kw.  or  20  per  cent  of  the  total  d-c.  input, 
over  the  peak  period.  The  average  trolley  voltage 
at  the  car  will  be  somewhat  less  than  that  given  for 
the  load  centers.  In  many  cases  the  voltage  on  the 
car  is  so  low  that  it  is  almost  impossible  to  read  news 
print  during  the  evening  rush  hour. 

This  city  operates  about  300  cars  during  the  periods 
of  heavy  traffic  most  of  which  are  double  truck,  20 
tons  in  weight  with  two  60-h.p.  motors  geared  for 
27  miles  per  hour.  The  schedule  speed  is  about  six 
miles  per  hour  during  the  evening  rush  hour  and  even 
this  can  hardly  be  held.  Due  to  the  low  average 
voltage  the  cars  cannot  accelerate  rapidly  as  they  should 
and  bunching  soon  occurs  which  only  aggravates  the 
trouble. 

The  problem  is  to  lay  out  a  new  distribution  system 
which  will  reduce  the  transmission  losses  to  a  mini- 
mum, raise  the  average  trolley  voltage  to  a  reasonable 
value,  keep  the  stray  earth  currents  to  a  minimum,  and 
at  the  same  time  avoid  raising  the  expense  for  operating 
labor  to  an  undue  amount.  All  this  must  be  accom- 
plished at  the  lowest  possible  net  cost. 

As  a  preliminary  to  deciding  on  the  size  and  location 
of  substation  equipments  a  spot  map  of  the  system 
should  be  prepared  based  on  the  rush  hour  schedules. 
A  sample  of  this  is  shown  in  Fig.  2.  A  factor  which 
upsets  the  spot  map  as  shown  is  the  fact  that  there 
are  fourteen  interurban  lines  entering  this  city  all  of 
which  operate  fairly  heavy  cars;  45  tons  wei^t  witbi 
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four  90-h.p.  motors  geared  for  sixty  miles  per  hour 
would  represent  the  average.  In  laying  out  the  power 
supply  it  has  been  assumed  that  two  of  these  cars  are 
at  the  center  of  each  line  which  they  use  for  entering 
the  city. 

Certain  other  conditions  such  as  heavy  seasonal 
loads  must  be  considered.  There  are  in  this  city 
three  parks  that  are  heavily  patronized  and  a  fair 
ground  that  is  a  very  heavy  peak  for  one  week  in  the 
year.  Such  considerations  as  these  have  been  used 
to  modify  the  strictly  mathematical  method  of  locating 
the  new  substations.  This  method  is  the  one  described 
in  Richey's  handbook  as  having  been  used  to  lay 
out  the  feeder  system  in  Chicago,  and  consists  of 
assuming  that  the  distributed  load  on  each  line  is 
concentrated  at  the  center,  then,  treating  the  loads 
as  actual  weights,  find  the  center  of  gravity.  This 
locates  the  substation  in  the  ideal  position  to  feed  its 
section.  This  ideal  location  is  of  course  seldom  practi- 
cal and  due  consideration  must  be  had  for  local  con- 
ditions. 

In  figuring  the  spot  map  shown  in  Fig.  2  the  average 
current  per  car  has  been  taken  as  53  amperes.  The 
interurban  cars  have  been  figured  as  equal  to  two  city 
cars.  The  city  has  been  arbitrarily  divided  into 
nine  districts  for  the  purpose  of  apportioning  the  sub- 
station capacity.  Care  was  taken  in  making  this 
division  to  keep  each  section  down  to  less  than  2000 
kw.  in  possible  load  as  this  seemed  to  be  the  largest 
size  station  that  would  be  advisable  on  this  size  of 
systiem,  having  due  regard  for  investment  in  feeder 
copper.  The  center  of  gravity  was  then  found  for 
each  section  and  the  substation  located  as  near  this 
point  as  a  study  of  local  conditions  would  warrant. 

The  two  substations  feeding  the  congested  portion 
of  the  city  were  located  on  each  side  of  the  loop  district 
just  far  enough  away  to  be  on  the  edge  of  the  under- 
ground district.  This  is  desirable  from  the  standpoint 
of  economy  in  installation,  although  the  most  desirable 
location  from  a  standpoint  of  copper  loss  and  feeder 
copper  would  be  right  in  the  center  of  the  loop.  This 
would  however  result  in  excessive  investment  charges 
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for  real  estate  and  underground  construction.  Lo- 
cations east  and  west  of  the  center  were  diosen  rather 
than  north  and  south  because  of  real  estate  values. 

The  final  location  decided  for  these  substations  is 
shown  in  Fig.  3.  The  high-tension  line  locations  were 
picked  out  by  the  superintendent  of  distribution  of  the 
street  railway  company  with  a  view  to  using  as  much 
of  the  present  pole  line  as  possible  and  of  selecting 
streets  for  the  necessary  new  lines  where  there  would 
be  the  least  opposition  from  the  residents  and  the  city 
authorities.  The  feeders  form  a  ring  bus  around  the 
city  with  a  tie  line  across  the  center. 

The  intention  is  to  sectionalize  the  feeder  in  each 
substation  and  equip  the  section  breakers  with  reverse- 
power  relays  so  that  any  section  will  be  cut  out  in 
case  of  trouble,  thus  leaving  the  entire  system  in  opera- 
tion with  the  exception  of  the  damaged  portion  of  the 
line.  Owing  to  the  local  situation  with  regard  to  the 
telephone  companies  and  the  city  authorities  the  maxi- 
mum voltage  which  it  would  be  advisable  to  use  above 
ground  is  6600.  While  this  is  not  the  most  eco- 
nomical voltage  for  the  amount  of  power  and  the  dis- 
tance, it  has  been  adopted  because  of  the  great  ezp^ise 
of  underground  high-tension  feeders  at  11,000  or  13^200 
volts. 

At  this  voltage  the  feeder  belt  may  be  of  4/0  wire, 
and  the  cross  tie  line  of  350,000-cir.  mil  cable  which 
will  give  approximately  5  per  cent  power  loss  in  the 
a-c.  system  at  full  load. 

The  substations  as  laid  out  have  the  following  capac- 
ity machines  installed:  Three  with  two  1000-kw. 
converters  each;  Three  with  two  750-kw.  converters 
each;  Two  with  one  500-kw.  converter  each;  One 
of  the  existing  2000-kw.  machines  to  be  retained  at 
one  of  the  steam  plants.  Total  converting  capacity 
installed  13,500  kw.  Total  peak  load  at  present  time 
13,200  kw. 

While  this  is  apparently  only  sufficient  nominal 
continuous  capacity  for  the  peak,  it  must  be  remem- 
bered that  20  per  cent  of  this  peak  is  lost  with  the  pres- 
ent feeder  arrangement  so  that  if  the  feeder  losses 
can  be  reduced  to  5  per  cent  this  will  leave  an  actual 
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surplus  capacity  of  15  per  cent.  This  taken  with  the 
two-hour  overload  rating  of  the  converters  will  give 
ample  margin  of  reserve  capacity. 

The  feeder  calculations  are  based  on  maintaining  an 
average  voltage  of  550  at  the  car  during  the  evening 
rush  hours.  This  property  now  has  the  equivalent 
of  approximately  110  miles  of  1,000,000-cir.  mil 
copper  in  the  distribution  system.  With  the  new  sub- 
station locations  we  find  that  the  rail  resistance  is 
within  allowable  limits  in  nearly  all  parts  of  the 
system.  In  only  a  few  places  will  negative  feeders  be 
required  and  these  will  be  quite  short.  With  the 
widely  distributed  sources  of  d-c.  energy,  the  carrying 
capacity  of  the  trolley  wires  themselves  become  an  im- 
portant factor,  in  the  distribution  of  the  600-volt  current. 

Of  the  present  feeder  system  it  will  be  possible  to 
remove  approximately  seventy  miles  of  1,000,000-cir. 
mil  cable  or  its  equivalent.  At  18  cents  per  pound 
this  will  amount  to  $205,380  which  is  the  first  important 
item  of  credit  for  the  new  installation. 

The  old  d-c.  plant  should  be  scrapped  entirely  and 
the  proceeds  applied  on  the  new  equipment.  It  is 
estimated  that  the  second  hand  and  scrap  value  of 
this  plant  will  be  at  least  $100,000. 

The  PR  losses  on  this  system  were  calculated  last 
year  and  the  value  of  the  current  lost  in  the  feeder 
system  only,  not  including  local  track  and  trolley  losses, 
was  figured  as  being  $100,000.  These  figures  are  not 
vouched  for  by  the  writer  but  as  can  be  readily  imagined 
from  the  description  of  the  feeder  system,  this  amount 
does  not  seem  unreasonable.  Since  approximately 
one  third  of  the  feeder  copper  is  to  be  left  in  service 
we  will  assume  that  the  copper  losses  in  the  remaining 
feeders  will  be  in  proportion  to  the  amount  now  in 
service.  This  will  give  us  a  saving  in  copper  losses 
amounting  to  $66,000  annually. 

If  the  rush  hour  schedules  of  each  car  are  so  speeded 
up  as  to  save  five  minutes  on  the  rush  hour  trip  morning 
and  evening,  with  300  cars  and  with  platform  labor  at 
40  cents  the  annual  possible  saving  will  be  $14,600. 

The  automatic  substation  buildings  should  be  of 
the  most  simple  type  of  construction  possible  with 
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no  heating  apparatus  and  with  no  accommodatioiiB  tor 
operators.  If  extensive  repair  work  becomes  necccnaiy 
in  the  winter  time  a  portable  electric  heater  can  be 
installed.  By  constructing  this  type  of  building  ab- 
solutely without  ornamentation,  the  cost  should  not 
exceed  $40  per  kw.  complete.  Twenty-five  miles  of 
a-c.  line  will  be  required  which  can  be  partly  installed 
on  existing  poles.  The  cost  of  this  should  not  exceed 
$5000  per  mile. 

Gross  cost  of  the  new  system ; 

11,500  kw.  of  substations  at  $40 $460,000 

25  miles  of  line  at  $5,000 125,000 

Reconstruction  of  feeder  system 25,000 

Power  house  equipment,  transformers,  ete 100,000 

Total  cost  of  automatic  substations $710,000 

Credit  power  plant  scrap 100,000 

Credit' copper  removed 205,380 

Net  cost  of  automatic  substations $404,620 

Fixed  charges  at  15  per  cent $75,603 

Annual  operating  labor 7,000 

Gross  annual  charges  against  automatics $82,003» 

Savings  due  to  the  new  equipment ; 

Annual  saving  in  copper  loss $  66,000 

Annual  saving  in  platform  lab(»r 14,600 

Annual  saving  in  labor  due  to  shutting  down  of  old 

power  plant 50,000 

$130,600 

Annual  cost  of  substations $  82,603 

Net  operating  credit  annually $  47,070 

In  addition  to  the  credit  shown  above,  the  system 
would  have  an  increased  capacity  of  15  per  cent  or 
20  per  cent  over  the  present  one  and  would  be  attract- 
ing more  patronage  by  better  schedule  speeds  and 
better  lit  cars.  It  would  also  be  in  ideal  position  to 
take  care  of  expansion  in  its  business  which  is  almost 
certain  to  come  as  the  city  in  question  is  growing  rapidly 
and  is  attracting  many  new  and  large  manufacturing  es- 
tablishments all  of  which  are  locating  well  toward  the 


19201  R.  J.  WENSLEY  689 

outskirts  of  the  city  thus  requiring  increased  transporta- 
tion facilities. 

If  manually  operated  substations  were  to  be  installed 
it  would  not  be  possible  to  show  an  operating  credit 
since  only  three  or  four  stations  at  the  most  would  be 
installed  on  account  of  the  cost  of  operating  labor. 
More  of  the  old  feeder  copper  would  be  required  and 
the  saving  in  copper  loss  would  not  be  as  large.  More 
negative  copper  would  be  required  to  keep  the  return 
drop  within  allowable  limits. 

The  entire  equipment  should  be  automatic  in  opera- 
tion except  the  one  converter  retained  in  the  power 
plant.  One  of  the  converters  in  one  of  the  loop  sta- 
tions would  be  set  for  continuous  operation  so  that 
night  operation  would  be  taken  care  of.  With  the 
heavy  amount  of  feeder  copper  still  remaining,  it  is 
doubtful  if  the  voltage  drop  caused  by  the  flight  cars 
would  start  the  outlying  substations. 

If  in  practise  this  assumption  should  prove  not  war- 
ranted, then  it  would  be  necessary  to  install  time 
switches  or  pilot  wires  to  prevent  these  outljdng  sta- 
tions from  operating  at  greatly  reduced  load  with  con- 
sequently poor  efficiency  during  the  night. 

Many  modifications  of  this  layout  are  possible  with- 
out materially  altering  the  saving  shown.  The  writer 
feels  that  many  such  interesting  problems  in  automatic 
control  will  be  met  with  in  the  next  few  years  and 
that  its  use  will  spread  even  faster  than  the  expectations 
of  those  who  have  been  following  its  development. 
Automatically  controlled  substations  have  at  this  date 
been  applied  to  railway  work,  both  city  and  interurban, 
to  Edison  three-wire  systems,  to  large  industrial  plants, 
to  synchronous  condenser  equipments,  and  to  coal 
mines. 

Heavy  steam  railroad  electrifications  have  not  as 
yet  been  tackled  although  several  such  jobs  have  been 
estimated  and  it  will  only  be  a  relatively  short  time 
imtil  such  an  equipment  will  be  installed  on  one  or 
another  of  the  heavy  electrifications. 

From  an  engineering  standpoint  there  seems  to  be 
great  possibilities  in  this  field. 
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Discussion  on  "Short-Circuit  Protection  fob 
D-C.  Substations"  (Linebaugh),  "Flashing 
OP  60-Cyclb  Synchronous  Convertejis  and 
SOME  Suggested  Remedies''  (Smith),  "AutouATic 
Railway  Substations"  (Peters)  and  "Auto- 
matic Substations  FOR  Heavy  City  Servicb" 
(Wensley),  Pittsburgh,  Pa.,  March  12, 1920. 

F.  D.  Newbury:   I  wish  to  discuss  the  two  papera 

on  flashing  of  converters.  While  the  important  re- 
sults from  this  study  of  flashing  will  undoubtedly  ap- 
pear in  improvements  in  the  operation  of  the  converters, 
one  very  interesting  incidental  benefit  is  the  better 
appreciation  of  the  phenomena  of  flashing. 

Most  of  us,  I  am  sure,  in  thinking  of  flashing,  and 
the  relation  of  speed  circuit  breakers  to  the  problem, 
have  had  the  idea  that  if  a  breaker  could  be  produced 
that  would  open  the  circuit  a  little  bit  quicker  than  the 
ordinary  types,  the  problem  would  be  solved.  Mr. 
Smith's  oscillograms  show  conclusively  that  a  moder- 
ately high  speed  breaker  may  increase  the  difficulty. 

The  circuit  must  be  opened  very  quickly  indeed  or 
better  not  open  it  at  all.  Flashing,  in  a  number  of  instanc- 
es, in  Mr.  Smith's  tests,  did  not  occur  until  after  the 
breaker  opened  even  when  the  circuit  remained 
closed  for  sufficient  time  for  the  current  to  reach  its 
maximum  value  and  remain  there  for  an  appreciable 
time.  The  real  problem  then  is  the  development  of 
very  high  speed  breakers  that  will  limit  the  current  to 
a  non-flashing  value. 

One  reason  why  high  speed  is  particularly  important 
with  the  60-cycle  converter  is  the  extreme  rapidity 
with  which  the  current  increases  on  short  circuit. 
If  Figs.  7  and  8  of  Mr.  Linebaugh's  paper  showing  the 
current  increase  when  a  d-c.  generator  is  short-cir- 
cuited be  compared  with  the  oscillograms  in  Mr. 
Smith's  paper  showing  the  current  increase  when  a 
60-cycle  converter  is  short-circuited,  the  marked 
difference  in  rate  of  current  increase  will  be  observed. 

If  in  the  case  of  a  60-cycle  converter  the  circuit 
increases  to  a  flashing  value  before  the  high  speed 
breaker  opens  sufficiently  to  limit  the  current  and  pre- 
vent the  formation  of  conducting  gases,  then  the 
circuit  will  be  completed  by  the  arc  at  the  commutator 
and  the  opening  of  the  breaker  will  not  stop  the  flashing. 
This  is  clearly  shown  by  the  high  speed  camera  pictures 
in  Fig.  18  of  Mr.  Smith's  paper. 

There  is  one  important  point  on  which  the  two 
authors  do  not  agree— this  is  the  effectiveness  and 
advantages  of  flash  barriers.  Even  granting  they  are 
effective,  we  will  all  be  better  satisfied,  I  believe,  if 
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the  answer  to  this  flashing  problem  c^  be  found  in 
some  other  direction.  Barriers  that  more  or  less 
con\pletely  box  up  the  brushes  greatly  increase  the 
difficulty  of  proper  care  and  maintenance  of  brushes 
and  commutator  and  for  this  reason  they  are  imdesir- 
able,  in  my  opinion,  from  an  operating  standpoint. 

The  improvement  in  performance  that  comes  with 
the  higher  reluctance  commutating  pole  has  no  ac- 
companjring  disadvantage  other  than  the  slightly  in- 
creased converter  cost.  It  is  easy  to  imderstand  why 
the  higher  reluctance  commutating  pole  does  improve 
the  converter  performance  on  short  circuit.  One  of 
the  reasons  for  greater  flashing  in  synchronous  con- 
verters is  the  d-c.  generator  action  at  the  instant  of 
short  circuit.  Inasmuch  as  the  converter  normally 
requires  only  15  to  20  per  cent  of  the  commutating- 
pole  ampere  turns,  as  the  equivalent  d-c.  generator  the 
converter  is  considerably  under  compensated  when  it 
functions  as  a  generator.  The  use  of  larger  gaps — 
or  equivalent  reluctance — and  the  acqompanying 
additional  winding  tends  to  correct  this  condition. 

I  am  glad  to  see  the  matter  of  feeder  taps  referred  to 
by  Mr.  Linebaugh  because,  after  all,  that  is  the  most 
satisfactory  way  of  obtaining  the  necessary  degree  of 
protection  in  many  cases.  The  loss  involved  in  ex- 
tended feeder  taps  is  surprisingly  small  unless  the 
length  of  tap  is  carried  to  an  extreme.  This  of  course 
is  due  to  the  small  load  factor  of  the  ordinary  small 
substation  with  which  this  question  usually  arises. 
A  moderate  amount  of  resistance  between  the  con- 
verter and  the  trolley  is  good  insurance  against  flashing 
trouble,  that  can  be  obtained  at  moderate  cost. 

S.  Q.  Hayes.  I  had  a  very  interesting  coincidence 
happen  in  connection  with  this  meeting  today  re- 
garding automatic  substations.  Yesterday  I  happened 
to  receive  from  the  Brown  Boveri  Company,  in  Swit- 
zerland, one  of  their  publications  for  December,  1919, 
and  in  it  they  stated  that  the  Brown  Boveri  Company 
had  been  experimenting  with  a  full  automatic  rotary 
converter  substation  at  Riehen,  near  Basle,  Switzer- 
land. This  supplies  the  Basle-Lorrach  tramway. 
This  is  probably  the  first  automatic  substation  in 
Europe,  and  has  been  working  satisfactory,  so  it  is 
stated. 

This  station  starts  automatically  in  the  morning, 
shutting  down  at  night,  and  opens  and  recloses  its 
breakers  temporarily  in  case  of  open  circuit  in  the 
primary,  or  of  overload  or  short  circuit  in  the  second- 
ary. In  case  of  a  long  period  of  open  circuit,  an 
alarm  is  given  relative  to  the  interruption  of  powet* 
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It  is  stated  that  the  station  operates  through  a 
combination  of  relays  and  contactors  which  control 
various  switches.  The  automatic  starting  in .  the 
morning  and  shutdown  at  night  is  accomplished  by  a 
clock  of  simple  construction.  They  state  that  they 
are  going  to  give  a  more  complete  description  in  the 
course  of  a  couple  of  months. 

C.  H.  Jones :  I  will  relate  a  few  of  the  experiences 
of  the  Chicago,  North  Shore  &  Milwaukee  Railway, 
which  is  operating  automatic  substations,  and  has  been 
operating  them  for  about  two  years  and  a  half  now. 
We  now  have  five  of  these  stations.  Three  of  them  are 
500-kw.,  one  300-kw.  and  one  1000-kw.  stations. 
They  are  all  in  heavy  interurban  traction  service. 
The  car  equipment  is  47-ton,  steel  cars,  440-h.p. 
motors  ,per  car,  operated  in  from  one  to  four-car 
trains. 

During  the  two  and  one-half  years  of  experience 
with  these  stations  we  have  had  very  fine  success 
and  we  think  very  favorably  of  them,  in  fact,  the 
operation  has  been  considerably  more  satisfactory 
than  manually-operated  stations  ever  were.  You 
can  absolutely  depend  on  them  but  there  is  this 
point— you  cannot  expect  an  automatic  station  to  ^o 
on  forever  without  getting  some  attention.  It^  is 
useless  to  think  you  can  put  in  an  automatic  station 
and  lock  the  door  and  leave  it  forever  and  expect  satis- 
factory service.  Like  every  other  piece  of  apparatus 
it  needs  careful  operation  and  careful  maintenance. 
The  amount  of  maintenance  which  should  be  given 
varies  considerably  in  the  minds  of  many  operators. 
Personally,  I  believe  that  it  is  absolutely  necessary 
to  inspect  your  station  at  least  once  a  day.  It  is  also 
very  desirable  to  know  what  your  station  has  been 
doing  between  the  inspection  period. 

This  matter  last  referred  to  is  one  concerning 
which  the  manufacturer  has  not  yet  seen  fit  to  furnish 
the  operator  with  means  of  ascertaining,  that  is, 
there  is  no  recording  device  which  indicates  what  has 
taken  place  between  the  inspection  periods  provided. 
I  believe  that  to  be  absolutely  necessary  and  in.  order 
to  obtain  some  such  record,  we  installed  in  our  station 
quite  a  number  of  small  mechanical  counters  connected 
to  the  various  pieces  of  apparatus,  such  as  contactOF9i 
or  controllers,  oil  switch  operating  mechanism  and 
things  like  that. 

These  counters  register  every  time  an  operation 
of  a  particular  piece  of  apparatus  takes  place,  and  by 
checking  up  one  counter  against  another  in  the  course 
of  time  you  will  get  a  very  good  indication  of  the 
general  action  of  your  staUoiv. 
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You  will  find  at  times  that  a  certain  piece  of  appara- 
tus has  failed.  The  real  cause  of  it  you  do  not  Imow, 
and  as  long  as  it  does  not  repeat  itself,  you  are  not 
particularly  interested,  there  may  be  a  failure  at  some 
time  or  other,  but  if  you  continue  to  get  a  failure  on 
certain  pieces  of  apparatus,  it  is  time  to  make  a  closer 
inspection  and  observation  of  the  station,  in  order 
to  find  out  what  may  be  causing  these  minor  failures. 
That  has  been  our  case  and  the  coimters  have  paid  for 
themselves  many  times  over,  but  I  believe  that  the 
manufacturers  will  do  a  great  deal  toward  helping  the 
operators,  if  they  will  provide  some  such  device  as  I 
have  referred  to  when  the  apparatus  is  first  installed. 
The  operator  will  eventually  find  out  he  ought  to 
know  these  thin^,  but  it  may  take  him  some  little 
time  before  he  discovers  it,  and  if  these  devices  are 
provided  in  the  first  place,  it  will  improve  the  general 
operation  of  the  automatic  substation  equipment. 

Up  to  this  time,  all  of  our  five  stations  have  been 
25-cycle,  but  we  now  have  on  order  a  couple  of  60- 
cycle  equipments.  One  of  these  equipments  is  to 
change  over  a  present  25-cycle  station,  and  the  other 
one  is  a  new  1000-kw.  60-cycle  equipment  complete. 

With  reference  to  the  papers  on  prevention  of 
flashing  in  the  converter  we  have  had  some  little  ex- 
perience along  that  line,  not  so  much  in  the  automatic 
stations,  as  in  the  hand-operated  stations.  The  older 
type  of  rotary  converter,  the  non-inter  pole  type,  was 
not  subject  to  flashover;  in  fact,  we  have  some  old  type 
500-kw.,  which  to  my  knowledge,  and  the  knowledge 
of  many  of  the  men  who  have  been  with  the  company 
longer  than  I  have  been,  have  not  been  known  to 
flash  over.  In  the  case  of  the  new  commutating  pole  ro- 
taries,  they  are  susceptible  to  the  flashing.  In  the 
case  of  the  later,  1,000-kw.  equipments,  we  have  had 
them  provided  with  flashing  barriers,  and  I  will  say 
that  the  converter  has  never  flashed  over.  Many 
times  we  have  heard  them  squealing,  just  as  if  they  were 
going  to  flash  over,  but  they  never  do  go  over.  This 
occurs  principally  when  the  rotary  is  located  right 
close  to  the  starting  point  of  heavy  four-car  trains 
that  draw  down  something  like  1000  amperes  per  car 
on  starting.  Rotary  converters  with  barriers  have 
never  flashed  over  even  under  the  above  named  con- 
ditions. 

Sometime  ago  we  installed  two  converters,  before 
the  flash  barriers  were  furnished  for  them,  and  they 
were  continually  flashing  over,  when  operating  con- 
ditions such  as  I  have  stated,  occurred.  We  put  flash 
barriers  on  them  and  they  have  not  flashed  since,  so 
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personally  I  think  a  great  deal  of  the  flash  barriers. 
Some  of  my  friends  do  not  think  so  much  of  them. 

David  C.  Hershberger:  In  the  application  of 
automatic  stations  we  find  that  the  machines  have  a 
greater  margin  in  capacity  than  with  present  manual 
control.  Cases  have  come  to  the  speaker's  attention 
where  machines  are  now  loaded  up  to  their  limit,  but 
by  applying  automatic  control,  have  a  greater  leeway  in 
capacity,  because  they  are  better  able  to  carry  over 
the  peak  loads.  This  is  made  possible  by  the  use  of  a 
load-limiting  resistance,  whereby  the  trolley  voltage 
is  reduced  at  the  substations  which  are  carrying  an  ex- 
cessive load.  If  adjacent  stations  are  in  operation, 
it  results  in  shifting  part  of  the  load  to  these  stations. 
However,  if  the  adjacent  stations  are  not  operating, 
it  merely  means  that  the  peak  load  demanded  from  the 
station  which  is  operating  is  reduced.  This  is  espec- 
ially true  on  the  interurban  systems,  where  the  con- 
tinous  capacity  of  the  machine  is  not  such  an  impor- 
tant factor  as  it  would  be  on  a  city  system,  so  that  in 
that  respect  it  does  influence  the  application  of 
machines,  especially  as  regards  sizes. 

Another  phase  which  needs  consideration  is  that  of 
inadequate  d-c.  distribution  systems.  One  instance 
came  to  our  attention  where  with  manual  substation 
control  the  system  of  distribution  was  inadequate. 
By  re-locating  some  of  the  stations  and  re-distributing 
the  units,  it  was  found  that  the  trolley  voltage  could  be 
materially  improved,  thus  avoiding  the  necessity  of 
installing  additional  feeder.  On  some  installations 
it  is  possible  to  take  down  copper  and  affect  an  econ- 
omy, but  where  the  operation  of  trains  and  rolling 
stock  is  so  hampered  by  low  voltage,  that  it  would 
be  necessary  to  put  up  additional  feeder  lines,  the 
investment  in  automatic  control  is  well  worthy  of 
investigation. 

Still  another  requirement  which  has  come  to  oiu*  at- 
tention is  that  of  controlling  auxiliary  circuits.  Many 
of  the  present  manually  operated  stations  have  a  num- 
ber of  auxiliary  circuits,  such  as  lighting  circuits,  cir- 
cuits for  supplying  industrial  loads  and  pump  motor 
circuits,  etc.,  that  are  hand  controlled.  The  automatic 
control  of  such  circuits  has  been  solved,  and  they  are 
handled  very  satisfactorily.  For  instance,  take  a  cir- 
cuit where  the  industrial  load  is  variable,  and  where 
there  are  overloads  which  would  trip  the  breakers,  they 
can  be  arranged  to  close,  say  three  times  and  then  lock 
out  until  they  have  been  reset.  This  practise  is  followed 
by  some  companies  in  manual  operation,  and  it  is  just 
as  feasible  with  automatic  operation  as  it  is  with  manual 
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operation.  A  pump  motor  circuit,  for  instance,  can  be 
controlled  by  a  float-type  switch.  Street  and  other 
lighting  circuits  are  now  successfully  handled  by  time 
clocks. 

The  labor  situation  touched  on  by  Mr.  Peters  de- 
mands careful  consideration.  When  the  system  is  shut 
down,  due  to  substation  labor  trouble,  it  results  in  a 
financial  loss.  The  liability  to  shut  down  with  auto- 
matic stations  is  less  than  with  manual  stations,  and 
therefore  the  saving  which  would  result  from  the  use 
of  the  automatic  stations  in  this  way  should  be  credited 
to  them. 

C.  A.  Butcher:  Very  little  has  been  said  of  high- 
tension  switching.  On  the  interurban  roads  there  is 
much  competition  with  the  service  furnished  by  steam 
roads;  many  of  the  interurban  lines  are  supplied  at  the 
present  time  through  long  distance  transmission  lines, 
and  in  a  great  many  cases  steam  plants  are  main- 
tained. Often  during  stormy  periods  the  long  distance 
transmission  lines  have  gone  out  of  service,  and  it  has 
been  necessary  to  transfer  to  the  steam  generating  plant 
and  maintain  service  until  the  transmission  line  can  be 
restored.  That  means  that  automatic  substations  op- 
erating from  these  long  distance  transmission  lines  are 
thrown  out  of  service,  and  unless  we  have  duplicate 
lines,  it  is  necessary  to  wait  until  the  steam  plant  has 
been  put  into  operation  to  excite  that  line. 

A  number  of  the  larger  interurban  roads  throughout 
the  country  are  operating  on  a  duplicate  system  of 
transmission  lines.  In  some  cases  they  are  supplied 
from  separate  sources,  and  in  some  cases  from  the  same 
source.  In  order  to  take  care  of  the  automatic  sub- 
stations on  transmission  lines,  which  are  paralleled  over 
the  right  of  way,  it  is  necessary  to  provide  some  scheme 
of  automatic  transfer  for  the  high-tension  switch.  This 
has  been  very  effectively  taken  care  of  by  the  addition 
of  a  number  of  relays  which  adjust  themselves  to  the 
conditions.  If  the  transmission  lines  to  which  the  sta- 
tion is  normally  connected  go  out  of  service,  a  set  of 
relays  falls  out  and  tests  the  other  circuit,  and  if  that 
is  in  working  order  the  station  automatically  is  imme- 
diately transferred  to  that  line,  and  when  the  high- 
tension  long  distance  line  is  restored  to  service,  it  is 
ordinarily  required  that  these  stations  be  transferred 
to  their  normal  connection.  The  same  relays  when  the 
high-tension  line  is  restored,  automatically  switch  the 
substations  immediately  back  to  that  connection. 

The  automatic  service  restoring  relay  system  has 
been  in  use  for  a  number  of  years,  but  it  does  not  give 
the  immediate  operation  the  service  companies  would 
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like  to  have.  If,  for  example,  a  power  feeder  is  knocked 
off  the  boards,  usually  the  operator  is  instructed  to 
wait  one  minute  before  he  closes  the  circuit,  and  after 
he  makes  three  attempts  to  fix  the  circuit  and  fails,  he 
tries  no  longer,  but  reports  the  outage  to  the  dispatcher 
and  the  difficulty  is  then  turned  over  to  the  trouble 
gang,  to  clear  up. 

In  order  to  give  that  same  service  automatically, 
there  has  been  developed  a  motor-operated  relay,  which 
automatically  closes  the  circuit  breaker  periodically. 
That  is,  it  will  close  it  in  one  minute,  five  minutes,  or 
any  predetermined  length  of  time,  depending  upon 
how  the  relay  is  set,  and  will  close  it  any  number  of 
times  before  the  line  is  definitely  locked  out  of  service, 
and  then  by  some  means,  either  by  pilot  wires  or  other- 
wise, indication  is  given  to  the  load  dispatcher,  who 
immediately  gets  into  touch  with  the  maintenance  crew, 
and  the  circuit  is  taken  care  of.  That  is  in  addition  to 
some  of  the  problems  already  brought  up,  and  must  be 
taken  care  of  in  many  existing  stations,  and  will  un- 
doubtedly have  to  be  taken  care  of  in  a  great  number  of 
new  installations. 

Donald  Bowman :  Mr.  Wensley  in  presenting  his 
subject  is  very  optimistic  as  to  the  future  possibilities 
of  the  automatic  substation,  as  applied  to  low-tension 
direct-current  service  in  our  big  cities. 

In  the  operation  of  the  low-tension  direct-current 
substations  in  our  big  cities,  where  everything  is  under- 
ground, and  where  the  total  capacity  of  the  system 
may  exceed  100,000  kw.  the  element  of  continuity  of 
service  is  of  equal  importance  with  operating  costs, 
because  if  continuity  of  service  cannot  be  maintained, 
the  central  station  will  be  given  a  very  serious  black  eye. 

In  considering  the  installation  of  a  number  of  direct- 
current  substations,  which  will  function  at  different 
times,  according  to  load,  I  can  readily  see  how  such 
operation  would  be  satisfactory  if  everything  were  car- 
ried out  as  per  schedule,  but  at  different  times  such 
inadvertent  things  occur  as  manhole  fires  and  burning 
out  of  units  in  generating  stations  and  substations, 
which  seriously  derange  the  normal  sequence  of  opera- 
tions. At  those  times  it  becomes  necessary  to  have 
emergency  switching  equipment  which  will  operate  on 
both  the  high-tension  and  low-tension  distribution 
systems.  In  the  past,  those  emergency  operations  have 
been  developed  according  to  the  needs  of  the  moment, 
and  have  not  been  arranged  as  per  schedule  in  advance. 

I  would  like  to  ask  IVIr.  Wenslev  to  state  how  some 
of  these  unforseen  contingencies  such  as  the  burning  out 
of  units  in  generating  stations  and  in  substations,  burn- 
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ing  out  of  transmission  lines  in  manhole  fires,  and  other 
failures  of  a  similar  nature  can  be  successfully  handled 
with  the  automatic  low-tension  direct-current  substa- 
tion. 

J.  F.  Tritle:  As  there  were  no  questions  in  regard 
to  Mr.  Linebaugh's  paper,  I  would  like  to  add  a  few 
points  in  regard  to  the  high-speed  circuit  breaker, 
shown  in  Fig.  3.  Mr.  Smith  in  his  paper  called  partic- 
ular attention  to  the  fact  that  a  moderately  high-speed 
circuit  breaker  may  be  even  worse  than  a  low-speed 
circuit  breaker.  We  have  found  this  to  be  exactly  the 
case  in  our  experiments,  tests  indicating  that  a  circuit 
breaker  to  prevent  flash-over,  should  operate,  stop  the 
current  rise,  and  reduce  it  below  the  normal  flashing 
value,  in  something  less  than  the  time  required  for  a 
commutator  bar  to  pass  from  one  brush  holder  ^ 
the  next.  On  60-cycle  machines,  this  means  a  speed  of 
something  like  0 .  008  second  for  the  complete  cycle. 

Most  of  the  oscillograms  in  Mr.  Linebaugh's  paper 
show  the  results  of  tests  on  2000-kw.,  3000-volt  motor- 
generator  sets  for  the  Chicago,  Milwaukee  &  St.  Paul 
electrification,  which  were  eight-pole,  SU-revolution 
machines  giving  approximately  0 .  015  second  for  a  com- 
mutator bar  to  pass  from  one  brush  holder  to  the  next. 

The  results  obtained  were  so  encouraging  that  the 
investigation  was  extended  to  600-volt  madiines.  The 
latest  test  and  experiences  indicate  that  the  form  of 
breaker  shown  in  Fig.  3  will  quite  positively  protect 
up  to  date  600-volt,  60-cycle  synchronous  converters. 
On  dead  short  circuits,  the  main  contact  tips,  with  the 
breaker  adjusted  to  trip  on  three  times  normal  load, 
started  to  break  contact  in  from  0 .  002  to  0 .  003  seconds 
after  the  short  occurs.  The  maximum  current  peak 
occurs  somewhere  around  0 .  006  to  0 .  007  seconds  and 
we  can  get  the  current  down  to  normal  or  zero  in  about 
0 .  010  seconds.  With  the  300-kw.  madiines  the  maxi- 
mum current  peak  is  about  5000  amperes;  in  the  500-kw. 
machines  around  8000  amperes,  and  in  the  1000-kw. 
machines  approximately  10,000  amperes. 

We  recently  put  five  dead  short  circuits  on  a  1000-kw. 
60-cycle  converter  in  a  period  of  approximately  six 
seconds ;  in  other  words,  only  about  1 . 4  seconds  between 
short  circuits.  A  contactor  was  used  in  series  with  the 
high-speed  circuit  breaker  for  closing  the  circuit  and 
the  high-speed  breaker  automatically  tripped  and  com- 
pletely ruptured  the  circuit  similarly  to  an  ordinary 
circuit  breaker,  except  for  the  much  greater  speed  of 
operation. 

20ur  experience  also  agrees  with  Mr.  Smith's  in  regard 
to  the  tendency  towards  flashing  after  a  moderately 
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high-speed  circuit  breaker  opens,  rather  than  while  the 
short  is  on  the  machine.  I  remember  a  series  of  tests 
on  a  60-cycle  machine  in  which  simultaneous  oscillo- 
graph records  were  taken  of  the  d-c.  and  the  a-c.  current 
which  showed  this  tendency  very  clearly.  If  the  short 
circuit  was  cleared  by  the  high-speed  circuit  breaker 
in  less  than  0.01  seconds,  there  was  practically  no 
flashing  on  the  commutator  and  no  pulsation  on  the 
a-c.  end.  However,  if  the  short  or  heavy  overload  was 
left  on  the  machine  longer  than  0 .  01  seconds,  the  ma- 
chine got  out  of  phase  a  maximum  angle  in  about  six 
or  seven  cycles  after  the  short  circuit  occurred  and 
back  in  phase  again  in  about  17  or  18  cycles.  The 
flashing  was  materially  worse  if  the  circuit  was  opened 
by  a  moderately  high-speed  breaker  while  the  a-c.  ciu"- 
rent  was  near  its  maximum  value,  in  greatest  out-of- 
phase  position,  than  if  opened  by  a  relatively  low- 
speed  breaker  while  the  a-c.  current  was  near  its  mini- 
mum value  for  the  in-pHase  position.  When  in 
phase  no  appreciable  synchronizing  current  is  re- 
quired but  if  out  of-phase  when  the  load  is  tripped  the 
synchronizing  current  is  still  required.  This  current 
excites  the  commutating  pole  sufficiently  to  give  high 
voltage  under  the  brushes  which  causes  severe  sparking 
and  flashing. 

A  complete  line  of  60-cycle  machines  has  now  been 
developed  having  high  reluctance  poles  and  radial  type 
protective  brush  rigging.  Complete  protection  against 
d-c.  flash-overs  is  apparently  afforded  these  machines 
by  the  high-speed  circuit  breaker  and  as  far  as  we  can 
forsee  at  the  present  time,  the  flash  barriers  will  not 
be  necessary  on  them. 

One  of  the  principal  points  which  I  desire  to  leave  with 
you  is  that  operating  companies  need  have  little  concern 
in  the  future  about  flashovers  from  direct-current  short 
circuits  on  60-cycle  machines,  it  being  principally  a 
question  of  the  kind  of  protection  provided.  Mr.  Jones 
has  described  the  results  obtained  with  flash  barriers 
when  properly  maintained.  There  seems  to  be  general 
agreement  about  the  effectiveness  of  high  reluctance 
commutating  poles.  Our  tests  and  experience  indicate 
that  practical  immunity  from  flashover  can  be  obtained 
with  the  high-speed  circuit  breaker.  The  bresdcer  is 
simple,  reliable  and  strong  and  has  been  practically 
standardized  for  use  in  connection  with  our  1500-  and 
3000- volt  d-c.  machines.  A  line  of  600-volt  breakers  is 
also  being  developed  as  rapidly  as  possible. 

L.  D.  Bale:  The  steady  growth  of  Cleveland  has 
made  it  necessary  to  provide  additional  cars  to  take 
care  of  the  demand  for  increased  transportation  facilities. 
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With  the  placing  of  these  new  cars  in  service,  together 
with  the  fact  that  at  present  there  exists  several  loca- 
tions where  insufficient  trolley  voltage  is  maintained  dur- 
ing the  critical  peak  hours  to  handle  the  present  sched- 
ule makes  it  necessary  either  to  provide  additional  feed- 
ers or  substations.  To  attempt  to  rectify  this  low  volt- 
age condition  and  provide  for  additional  cars  by 
means  of  feeders  would  involve  a  heavy  expenditure 
to  say  nothing  of  accompanying  losses,  therefore, 
additional  substations  were  decided  upon,  these 
stations  having  an  aggregate  capacity  of  12,000  kw. 
made  up  of  eight  1500-kw.  60-cycle  rotary  converters. 

Taking  advantage  of  the  advance  in  the  srt,  making 
it  possible  to  operate  substation  equipment  auto- 
matically, enables  the  location  of  a  ^-eater  number  of 
smaller  stations  having  smaller  distributing  areas 
than  would  be  economically  possible  if  it  were  necessary 
to  operate  such  stations  manually,  therefore,  four 
automatic  substations  are  to  be  built  each  containing 
two  1500-kw.  converters  respectively.  Each  of  these 
stations  having  practically  a  capacity  load  within  one 
mile  radius. 

Aside  from  the  fact  that  this  particular  type  of 
1500-kw.  60-cycle  rotary  converter  has  been  stan- 
dardized by  The  Cleveland  Railway  Company,  two 
units  are  to  be  used  in  each  of  these  stations  rather 
than  one  large  unit  because  of  the  higher  efficiency 
procurable  by  maintaining  the  rotary  capacity  in 
service  at  any  time,  as  near  as  possible  to  that  of  the 
existing  load,  also  with  two  units  in  the  station  in- 
stead of  one,  greater  reliability  of  service  may  be  ex- 
pected. 

The  fact  that  with  each  of  these  stations,  practically 
a  capacity  load  originates  within  its  individual  dis- 
tributing zone,  taken  with  the  savings  made  possible 
through  automatic  operation,  in  addition  to  a  much 
more  economical  distributing  system  and  the  elimina- 
tion of  possible  labor  disturbances,  the  elimination 
of  considerable  existing  feeder  copper  and  its  accom- 
panying losses,  the  better  return-circuit  conditions 
.obtainable  and  the  determination  of  the  company 
to  eliminate  wherever  possible  the  use  of  manual 
labor,  has  been  the  deciding  elements  in  the  adoption 
of  this  type  of  substation  of  comparatively  large  size. 

As  to  definite  figures  in  connection  with  these 
stations,  I  should  like  to  wait  until  such  time  as  at 
least  one  or  two  of  the  automatic  stations  are  com- 
pleted and  in  operation,  that  we  may  have  an  oppor- 
tunity to  secure  reliable  costs.  All  data  of  this  nature 
at  the  present  time  are  in  the  form  of  estimates  which 
under    existing    conditions    should    not    be    quoted. 


R.  J.  WENSLEY 


E.  W.  Cook:  Referring  to  section  of  paper  under 
Details  of  Operation.  No  provision  has  been  made  to 
prevent   the   immediate   restarting   of   the   machine 
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following  shut  down  by  revcrst;  d-c.  current  even  if  the 
trolley  voltape  is  normal  and  graphic  meter  records 
taken  on  the  1000-kw.  substation  shown  in  Fig.  3  of 
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the  paper  indicate  that  under  certain  load  conditions 
the  machine  could  be  "motored  out''  and  restarted 
on  an  average  of  once  every  two  minutes  for  more 
than  an  hour  at  a  time. 

This  restarting  is  caused  by  the  time  delay,  about 
five  minutes,  of  relay  No.  3  which  allows  the  machine 
to  be  motored  out  four  or  five  times  before  No.  3  can 
open  and  it  is  only  necessary  to  have  a  momentary 
load  of  a  few  hundred  d-c.  amperes  to  reset  No.  3 
and  start  the  cycle  all  over  again. 

In  attempting  to  overcome  this  feature  it  was 
noticed  that  No  4  control  circuit  contactor  is  unneces- 
sarv  and  could  be  eliminated  by  transferring  its  work 
to  No.  5. 

Referring  to  Fig.  1,  the  sequence  of  operation  would 
be  as  follows: 

Low  d-c.  voltage  opens  No.  1  and  after  a  definite 
time  delay  No.  2  closes,  energizing  drum  fingers  11 
and  12  and  the  coil  of  No.  6  through  the  contacts  of 
No.  27x,  15a,  29,  38  and  7d;  No.  5  closes  and  through 
drum  segments  1-16  and  interlock  on  brush  operating 
device  closes  No.  6  which  starts  drum  control  motor. 

Shortly  after  the  drum  starts  to  revolve  segments 
18-19  make  contact  ready  to  turn  drum  to  "off  po- 
sition" if  No.  5  should  open,  a  moment  later  segment 
13  makes  contact  and  11-12  break  contact  leaving 
No.  6  locked  closed  through  its  main  a-c.  contact  and 
contacts  of  No.  27x,  15a,  29,  38  and  7d;  any  one  of 
these  relays  or  interlocks  could  open  No.  5  and  it  would 
not  reclose  until  the  drum  is  turned  to  the  off  position 
and  then  only  by  the  closing  of  No.  2  which  normally 
occurs  when  No.  1  is  opened  by  low  d-c.  voltage. 

This  arrangement  prevents  restarting  after  being 
"motored  out"  unless  normally  started  by  low  d-c. 
voltafge. 

As  the  drum  continues  to  revolve  segment  15  closes 
the  oil  circuit  breaker  and  a  little  later  the  holding 
circuit  of  No.  5  is  transferred  from  segment  13  to  seg- 
ment 14  through  interlock  7c  on  oil  breaker,  if  7c  fails 
to  close  No.  5  is  opened,  drum  is  set  in  "off"  position 
and  if  d-c.  voltage  remains  low  this  cycle  would  con- 
tinue to  be  repeated.  Assuming  normal  stsoting, 
segment  2  through  interlocks  of  No.  32  and  16  closes 
No.  10  and  starts  the  converter,  a  few  seconds  later 
the  holding  circuit  of  No.  6  is  transferred  from  segment 
16  to  20  through  underspeed  switch  No.  13  and  the 
drum  motor  stopped  until  converter  reaches  normal 
speed  when  drum  motor  starts  and  soon  returns  the 
holding  circuit  of  No.  6  to  segment  16. 

Segment  3  closes  No.  31  and  fixes  the  polarity  of 
the  converter,  segment  4  closes  No.  14  xriaidT^^  >ickfe 
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converter  self-excited;  No.  31  and  14  are  mechanically 
interlocked. 

Segment  6  through  interlock  on  No.  10  closes  No. 
16  main  running  contactors,  segment  26  lowers  the 
brushes  and  this  transfers  the  holding  circuit  of  No.  6 
from  segment  16  to  17  and  would  stop  the  drum  if 
brushes  are  not  lowered.  Segments  7,  8,  9  and  10  are 
energized  from  the  positive  lead  of  converter,  segment 
8  closes  No.  18  through  interlocks  on  No.  30, 16,  5  and 
36;  segments  9  and  10  close  resistor  shunt  contactors; 
No.  21-20  and  segment  17  breaks  contact  stopping 
the  drum  in  the  running  position. 

Shutting  down  by  low  d-c.  load:  No.  37  closes  and 
energizes  No.  3  from  one  phase  of  the  converter,  after 
a  definite  time  delay  No.  3  opens  the  holding  circuit  of 
No.  27x  which  opens  No.  5  which  in  turn  opens  No; 
16,  18  and  as  drum  turns  to  the  off  position  No.  7  is 
opened,  brushes  raised  and  the  converter  is  shut 
down;    No.  3  closes  shortly  after  No.  16  is  opened. 

By  reverse  d-c.  current:  No.  29  opens  the  holding 
circuit  of  No.  5  which  shuts  down  the  converter  as 
described  under  low  d-c.  load. 

By  low  a-c.  voltage:  No.  27  shunts  the  holding 
coil  of  No.  27x  which  opens  and  in  turn  shuts  the 
converter  down  by  opening  No.  5. 

Abnormal  a-c.  overload:  No.  28  trips  No.  7  and 
opens  hand  reset  switch  7d,  leaving  converter  shut 
down  until  manually  restarted. 

Hot  resistor  grids:  Thermostats  open  holding  cir- 
cuit of  No.  27  which  opens  No.  27x  and  No.  5  shutting 
down  the  converter  until  thermostats  cool  and  reset. 

Hot  bearing:  Thermostats  open  No.  6  and  con- 
verter is  shut  down  until  manually  restarted. 

Additional  modifications  and  equipment:  Polarized 
relay  No.  36  should  stop  the  drum  until  the  d-c.  volt- 
age is  equal  to  or  more  than  the  line  voltage;  this  is 
very  desirable  where  the  control  is  applied  to  motor 
generator  sets. 

No.  1  and  2  might  be  combined  to  reduce  the  number 
of  relays  required  and  similarly  No.  27-27x.  ' 

A  suitable  recording  graphic  meter  is  a  very  necessary 
part  of  the  equipment;  this  meter  should  record  on  a 
single  strip  chart  the  d-c.  amperes  and  voltage  and 
have  pens  to  indicate  when  No.  10,  18  and  37  operate. 

J.  L.  Burnham:  This  paper  presents  data  very 
similar  to  that  given  in  a  paper  on  Protection  from 
Flashing  for  Direct-Current  Apparatus  presented  at 
the  June  1918  annual  convention.  In  that  paper  it 
was  stated  that  complete  protection  from  flashing 
could  be  secured  by  the  use  of  the  high-speed  circuit 
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breaker  and  flash  barriers  of  a  peculiar  construction 
with  cooling  screens  to  condense  the  vapor  formed  by 
the  arc.  It  was  pointed  out  at  that  time  that  a  fla^ 
barrier  without  means  for  disposing  of  the  conducting 
vapors  formed  by  an  arc  would  be  worse  than  no 
barriers.  This  seems  to  be  completely  confirmed  in 
this  paper. 

Mr.  Smith  has  stated  the  advantages  that  were 
secured  by  the  use  of  high  reluctance  commutating 
poles  in  a  special  installation.  He  also  states  that  the 
high  reluctance  was  also  accompanied  by  extra  damp- 
ing  which  may  have  had  something  to  do  with  improv- 
ing  the   performance   under   the   special   conditions 
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described.  No  mention  is  made  of  having  tried  high 
reluctance  poles  on  60-cycle  converters  for  railway 
service.  The  writer  first  pointed  to  their  advantages 
in  a  discussion  on  commutating  pole  converters  in  1910 
(Trans.  A.  I.  E.  E.  1910,  Vol.  XXIX,  Part 2,  pp.  1663-4). 
A  number  of  tests  were  also  made  in  1918  which  showed 
the  great  advantage  of  high  reluctance  in  the  commu- 
tating pole,  particularljr  when  carried  to  a  point  where 
the  excitation  required  is  inlexcess  of  the  direct-current 
armature  reaction.  In  Fig,  2  an  oscillographic  record  is 
given  showing  very  plainly  what  takes  place  when 
about  six  times  full  load  is  thrown  on  and  tripped  off 
with  a  breaker  of  ordinary  speed.  From  the  values 
of  current  on  this  oscillogram  the  excitation  on  the 
commutating  pole,  resulting  from  its  field  winding^ 
and  armature  reactions  are  plotted,  Y\%,.  %  lot  wsnv- 
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parifion  to  what  is  actually  required  for  best  commuta- 
tion. The  percentage  departure  from  the  correct 
value,  with  the  usual  all  steel  commutating  pole  is 
about  70  per  cent  as  compared  to  about  20  per  cent  for 
the  high  reluctance  commutating  pole  with  a  large 
portion  of  non-magnetic  material  next  to  the  mag^iet 
frame.  As  usually  short  circuits  may  be  several 
times  greater  than  this  load  it  will  be  seen  that  the 
commutating  field  might  actually  be  reversed  with 
the  all  magnetic  pole,  whereas  it  would  be  changed 
only  in  strength  with  the  high  reluctance  pole. 

A  comparison  by  test  of  the  loads  to  cause  flashing 
under  similar  conditions  with  the  all  magnetic  ana 
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with  high  reluctance  poles  show  that  the  latta*  will 
increase  the  amount  of  short-circuited  load  about 
50  per  cent  before  flashing  occurs. 

Tests  that  have  been  made  with  high-speed  breaker 
and  high  reluctance  commutating  pole  on  600-volt, 
60-cycle  convei-ters  show  that  complete  protection 
against  any  amount  of  d-c-  short  circuit  is  obtained. 

From  Mr.  Smith's  paper  I  understand  that  he  has 
not  been  able  to  obtain  complete  protection  with  the 
high-speed  breaker.  From  the  figures  he  gives  on 
speed  I  believe  his  results  are  due  to  the  breaker  not 
being  fast  enough  and  also  to  the  fact  that  all  steel 
commutating  poles  are  used.  Mr.  Smith  has  given 
the  factors  which  cause  flashing  as  "The  inherait 
commutating  characterVstka  ot  the  machine,  the  value 


19201  DISCUSSION  705 

of  the  load  current  and  the  time  it  has  been  flowing, 
the  grade  of  brush,  etc."  With  the  use  of  high  re- 
luctance commutating  poles  I  have  found  that  the 
inherent  commutating  characteristics  of  the  machine 
under  short  circuit  are  decidedly  improved  for  reasons 
given  above  and  also  that  the  effect  of  saturation  is 
reduced.  With  the  high-speed  breaker  the  time  the 
excessive  load  is  on  the  machine  should  be  sufficiently 
short  to  avoid  an  appreciable  formation  of  gas  or 
volatile  matter  between  neutral  points  on  the  com- 
mutator and  to  cause  a  minimum  pulsation.  These 
factors  have  been  kept  in  mind  in  the  development  of 
a  line  of  60-cycle  railway  converters  designed  by  the 
writer  in  the  last  two  years.  The  complete  line  is 
now  being  built  with  high  reluctance  poles  and  several 
sizes  are  in  operation.  For  complete  protection 
from  flashing  of  this  line  of  machines  high-speed 
breakers  which  will  completely  open  the  circuit  in 
0.01  second  from  the  beginning  of  short  circuit  are 
available.  Still  higher  speed  (0.006  to  0.007  of  a  sec- 
ond) is  obtained  by  connecting  across  the  high-speed 
breaker  a  resistance  which  will  limit  the  current  to  a 
value  easily  handled  by  the  converter. 

The  action  of  the  so-called  suppressor  described  in 
the  paper  is  interesting  in  that  protection  under 
certain  conditions  may  be  obtained  without  seriously 
increasing  the  short-circuit  current  on  the  a-c.  side. 
However,  the  same  a-c.  short  circuit  is  applied  to  the 
machine  by  the  suppressor  regardless  of  the  value  of  the 
d-c.  short  circuit  which  may  be  only  a  moderate  over- 
load. Mr.  Smith  states  that  this  scheme  is  good  for 
only  a  few  limited  combinations  of  load  and  is,  there- 
fore, not  applicable  for  protection  in  commercial 
work 

Marvin  W.  Smith:  I  agree  with  Mr.  Trittle 
that  the  best  solution  for  flashing  seems  to  be  in  the 
direction  of  the  high-speed  breaker,  but  we  have 
found,  in  order  to  give  complete  protection,  that  the 
breaker  must  be  of  very  high  speed.  We  found,  how- 
ever, several  cases  where  flashing  did  not  occur  be- 
fore the  opening  of  the  breaker,  even  though  the  com- 
mutator had  moved  a  sufficient  distance  for  the  bar 
to  pass  from  one  brush  arm  to  the  other.  The  fact  is 
mentioned  in  connection  with  Fig.  1,  where  reference 
is  made  to  the  flash  suppressor,  in  which  the  short 
circuit  on  the  a-c.  side  was  delayed  even  greater  than 
one  cycle.  During  this  time  the  commutator  bar 
passed  a  distance  of  two  brush  arms,  and  the  machine 
did  not  flash  over  during  that  time,  but  does  flash  over 
at  the  opening  of  the  d-c.  breaker.    There  is  no  ques- 
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tion  but  what,  as  Mr.  Trittle  has  mentioned,  there  is 
considerable  advantage  in  the  higher  reluctance  com- 
mutating  pole,  and  we  had  rather  see  the  problem 
solved  in  that  way,  than  by  flash  barriers  or  some  other 
means  which  obstruct  the  commutator  and  prevent 
accessibility. 

F.  W.  Peters:  The  economies  made  possible 
by  the  use  of  automatic  substations  in  concentrated 
service  have  been  presented  very  eflFectively  by  Mr. 
Wensley.  In  this  connection  he  spoke  of  the  recent 
Cleveland  installation,  or  rather  the  decision  to  in- 
stall this  large  concentrated  converter  capacity,  auto- 
matically operated,  in  the  heart  of  the  city.  In  tJhe 
past,  the  majority  of  automatic  applications  have  been 
in  conjunction  with  interurban  substations  where  the 
capacities  are  relatively  small  and  a  correspondingly 
low  cost  of  automatic  devices  could  return,  by  labor 
saving,  an  appreciable  amount  on  the  capital  invested. 
When  we  deal,  however,  with  city  service  involving 
several  large  units  in  a  station,  the  initial  automatic 
equipment  cast  is  increased  at  a  rate  much  greater  than 
the  corresponding  saving  in  labor  and,  therefore,  it 
becomes  difficult  to  determine  the  economy  of  such  an 
installation.  In  view  of  this  fact,  I  would  request  Mr. 
Wensley  to  enlarge  upon  this  point  and  bring  out  just 
what  is  attracting  the  managers  of  concentrated  city 
service  to  adopt  automatic  operation  in  large  stations, 
and  I  have  in  mind  particularly  the  Cleveland  Rail- 
way Substation  involving  3 — 1500-kw.  automatically 
operated  converters. 

The  question  of  using  automatic  equipment  in  in- 
dustrial applications,  particularly  of  direct  current,  is  a 
point  well  taken  and  you  gentlemen  no  doubt  are 
familiar  with  cases  where  large  factories  have  their 
generating  units  in  one  particular  portion  ot  the  plant 
from  which  power  is  distributed  in  a  very  uneconomical 
and  cumbersome  way.  by  the  use  of  heavy  bus  copper. 
It  appears  that  by  distributing  the  conversion  units 
around  a  factory,  direct  improvement  may  be  brought 
about  from  an  efficiency  standpoint  and  also  by  the 
elimination  of  extensive  bus  layout,  and  disadvantage 
encountered  due  to  concentration  of  power  at  one 
point  where  a  short  circuit  tends  to  pull  out  every- 
thing. 

It  is  very  gratifying  to  hear  what  Mr.  Jones,  Engineer 
of  the  Chicago,  North  Shore  and  Milwaukee  Railway 
has  to  say  about  the  operation  of  automatic  substa- 
tions. He  has  had  considerable  experience  with  this 
type  of  station  and  I  am  sure  we  could  report  still 
more  progress  were  all  engineers  equally  interested  and 
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painstaking.  The  exhaustive  records  of  automatic 
substation  operation  as  obtained  by  Mr.  Jones  are 
very  valuable  and  have  at  all  times  been  open  to  re- 
view by  manufacturers  tor  the  purpose  of  making 
modifications  and  improvements  wherever  possible. 

Mr.  Jones'  comments  on  flash  barriers  are  very  well 
taken  and  it  brings  this  to  my  mind — ^flash  barriers, 
from  their  very  construction,  show  that  they  depend 
largely  for  their  success  upon  careful  adjustment, 
that  is,  protection  from  flashing  is  obtained  by  divert- 
ing the  arc  in  such  a  way  that  it  will  be  extinguished 
without  damaging  the  equipment.  Naturally  care 
must  be  taken  to  properly  guide  the  arc  in  a  safe  path. 
In  certain  cases,  flash  barriers  have  been  installed  and 
even  automatic  stations  have  been  started  where  the 
idea  seemed  to  be  ''now  I  have  it,  lets  lock  it  up  and 
let  it  run."  That  fortunately  is  not  always  the  case 
and  where  a  reasonable  amount  of  maintenance,  has 
been  given  to  the  apparatus,  it  has,  of  course,  resulted 
in  a  much  more  satisfactory  operation  than  in  those 
cases  where  the  equipments  have  been  neglected. 
Sometimes  operators  have  not  taken  the  trouble  to 
thoroughly  understand  the  principle  on  which  the  auto- 
matic equipments  function. 

Mr.  Hays  spoke  of  an  automatic  equipment  brought 
out  by  the  Brown,  Boveri  Company,  and  I  am  sure  it 
will  be  interesting  to  read  the  details  of  their  arrange- 
ment at  such  time  as  we  have  that  privilege.  Europe  is 
a  little  slow  in  so  far  as  automatics  are  concerned  as 
evidenced  by  the  fact  that  Australia  has  had  severitl 
equipments  in  successful  operation  for  sometime  and  a 
complete  automatic  equipment  is  now  in  transit  to 
New  Zealand. 

Mr.  Cook  in  his  discussion  presents  a  condition  of 
lalse  "motoring  out"  which  the  more  modem  equip- 
ments have  b^n  modified  to  protect  against.  In  so 
far  as  combining  in  one  device  the  functions  as  now 
performed  by  two  or  more  devices,  we  encounter  the 
limitations  as  determined  by  manufacturing  conditions 
where  it  is  often  much  cheaper  to  use  a  combination 
of  devices  already  developed,  than  to  design  a  new 
piece  of  apparatus  whose  limited  production  would 
necessitate  higher  costs. 

The  flexibility  of  automatic  substations  has  been 
emphasized  by  Mr.  Butcher,  and  in  no  case  has  it  been 
impossible  to  meet  practical  operating  conditions. 
Frequently  local  arrangement  of  the  distribution  or 
operation  necessitates  treatment  as  a  special  case,  and 
progress,  if  compared  to  the  complications  of  other 
automatic  applications  such  as  steel  mill  and  automatic 
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operation  of  car  ec^uipments,  should  not  be  considered 
as  having  reached  its  limits,  in  spite  of  the  many 
accomplishments  of  the  last  few  years. 

R.  J.  Wensley:  Taking  up  Mr.  Bowman's 
questions  first,  regarding  continuity  of  service  in  large 
Edison  3-wire  systems,  and  heavy  city  service,  this 
is  a  real  problem  and  Mr.  Bowman  has  touched  on  one 
of  the  biggest  problems  that  the  automatic  substa- 
tion has  to  meet.  We  have,  at  the  present  time,  as 
part  of  standard  production,  a  well-developed  line  of 
selective  power  relays.  We  can  do  almost  anything 
in  the  way  of  sectionalizing  a  system  by  eliminating 
bad  feeders,  thus  stopping  back  flow  of  current,  and 
clearing  out  from  any  tie  bus  any  set  of  feeders  that 
may  be  giving  operating  trouble.  We  can  feed  into 
heavy  city  substations  through  several  different  tie 
buses,  from  several  different  directions.  We  can  by 
the  use  of  selective  reverse-power  relays,  definitely 
clear  off  of  these  buses,  feeders  which  may  be  giving 
trouble,  so  as  to  leave  uninterrupted  the  power  supply 
on  these  buses. 

This,  of  course,  does  not  cover  all  possible  cases. 
There  are  operating  contingencies  that  come  up  that 
cannot  be  foreseen. 

The  system  with  which  Mr.  Bowman  is  connected, 
the  Commonwealth  Edison  Company  of  Chicago, 
probably  has  the  most  complicated  Edison  network 
in  the  world.  I  do  not  think  there  is  any  other  system 
that  has  the  same  kilowatts  in  converting  and  battery 
capacity  on  one  bus.  Such  a  system  could  not  be 
made  tully  automatic  in  the  time  sense  of  the  word. 
They  have  a  load  dispatcher.  There  is  no  particular 
reason  why  the  principle  of  the  automatic  telephone 
cannot  be  applied  to  such  an  emergency,  so  that  the 
load  dispatcher,  instead  of  having  a  telephone  report 
made  to  him  of  the  condition  of  a  circuit  breaker,  can 
have  full  control  over  the  circuit  breaker  from  his 
own  office.  He  can  press  a  button  and  close  the  cir- 
cuit better  than  an  operator  half  a  mile  down  the  street. 
There  are  special  means  in  automatic  substations  to 
enable  large  Edison  systems  to  go  back  into  service 
after  total  outage  which  are  much  superior  to  manual 
operation.  Of  course,  these  same  features  can  be 
applied  to  manual  stations,  but  they  are  inherently 
a  part  of  the  automatic  station.  I  refer  to  the  load 
limiting  resistances  and  the  resistance  schemes  of  get- 
ting back  and  establishing  service. 

Suppose  thoy  have  an  extensive  and  disastrous 
feeder  burnout,  and  the  entire  Edison  network  is  put 
out  of  commission.     It  is  almost  impossible  for  any 
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one  station,  or  any  one  croup  of  stations  to  take  that 
load  up.  It  practically  becomes  necessary  to  get  out 
the  entire  operating  force  and  send  them  out  through 
the  town  to  pull  the  main  switches  of  all  big  buildings, 
before  service  can  be  restored. 

With  the  automatic  station,  we  have  load  limiting 
resistances,  and  cannot  take  more  than  load  and  one- 
halt  on  the  converter.  After  an  outage  the  load 
dispatcher  can  restore  service  by  starting  all  stations  as 
nearly  as  possible  at  the  same  time.  The  load  limiting 
resistance  prevents  overloading  of  the  first  converters 
thrown  on  the  bus. 

The  automatic  control  is  much  quicker  and  more 
positive  than  any  operator.  The  automatic  control 
can  supply  power  while  the  operator  is  deciding  which 
switch  to  throw.  This  is  not  merely  talk.  It  has  been 
done  time  and  again.  I  have  seen  the  railway  type  of 
automatic  control  on  300-kw.  non-interpole  converter 
put  on  the  line  in  12  seconds.  The  operator  cannot  think 
that  quick,  or  cannot  throw  switches  that  quick.  I 
do  not  mean  to  say  that  we  can  take  a  2000-kw. 
booster  type  of  converter  and  do  that.  We  can  take 
a  system  of  the  type  Mr.  Bowman  represents  and  in- 
stall automatic  control,  and  if  the  load  dispatcher 
attacks  the  problem  intelligently,  I  will  guarantee 
that  three  minutes  after  the  power  supply  is  resumed 
the  Edison  system  will  be  in  full  operation.  This  is 
in  sharp  contrast  to  a  period  of  three  hours  as  cer- 
tain instances  have  shown  are  required  to  put  the 
system  back  where  they  do  not  have  automatic  oper- 
ation. 

Just  a  word  regarding  flash-over  protection  and  auto- 
matic substations.  So  far  in  the  railway  substations 
we  have  not  gone  into  the  high-speed  breaker  as  part 
of  our  automatic  control,  to  any  great  extent.  We 
have  talked  about  it,  and  in  a  few  cases  tried  them  out, 
but  the  average  automatic  substation  today  is  not 
operating  with  high-speed  breakers.  We  are  opera- 
ting with  what  is  decidedly  a  low-speed  breaker.  It 
is  only  a  contactor  having  no  accelerating  spring  and 
no  triggers  or  tripping  devices.  It  falls  open  by 
gravity,  assisted  by  the  pressure  of  the  contact.  The 
overload  relay  is  of  the  low-speed  sort,  and  no  at- 
tempt is  made  to  get  high-speed  operation. 

We  limit  the  short-circuit  current  by  running  feeder 
taps  out  to  the  furthest  convenient  distance  from  the 
station.  The  short-circuit  current  dies  down  to 
some  extent,  before  the  first  contactor  opens.  This 
contactor  does  not  open  until  a  good  many  hundredths 
of  a  second  after  the  short  circuit  first  strikes  the 
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machine.  Then,  instead  of  suddenly  opening  the 
circuit  thus  allowing  abnormal  rise  in  volts^  between 
commutator  bars  we  insert  a  single  section  of  the  load 
limiting  resistance  and  limit  the  short-circuit  to  four 
or  five  times  the  machine  rating.  The  next  step  then 
cuts  in,  and  then  a  third  step  cuts  in,  thus  limiting  the 
current  to  about  load  and  one-half.  The  statement 
has  been  made  by  both  of  the  authors  of  the  papers 
on  flashing  that  the  flash-over  in  most  cases  occurs 
after  the  breaker  opens.  Since  we  do  not  open  any 
breaker,  but  instead  reduce  the  current  gradually 
we  do  not  expect  much  trouble  from  flashing. 

In  this  way  we  hope  in  automatic  stations  to  get 
around  the  necessity  for  employing  the  complicated 
high-speed  breakers,  and  have  confined  ourselves  to 
the  most  simple  form  of  contactor. 


Presented  at  the  358th  muting  of  the  Amertcan 
Institute  of  Electrical  Engineers, 
Pittsburgh^  Pa.,  March  12,  IQ20. 

Copyright  1920.     By  A.  I.  E.  E. 


THE     BALDWIN-WESTINGHOUSE    CHICAGO, 
MILWAUKEE    &    ST.    PAUL    ELECTRIC 

LOCOMOTIVES 


BY  N.  W.  STORER 

General  Engineer,  Westinghouse  Blec.   &  Mfg.  Co.,  Bast  Pittsburgh,  Pa. 


Requirements 

IN  the  summer  of  1917,  the  Chicago,  Milwaukee  & 
St.  Paul  Railway  Company  issued  specifications 
covering  the  apparatus  necessary  for  the  electri- 
fication of  their  line  from  Othello  to  Seattle  and 
Tacoma.  The  following  were  the  principal  require- 
ments for  passenger  locomotives  as  finally  determined 
by  the  Railway  Company: 

Power  Supply.    To  be  3000  volts  direct-current. 

Route.  Either  the  line  between  Harlowton  and 
Avery,  or  the  newly  electrified  line  from  Othello  to 
Tacoma  and  Seattle. 

Grades,  The  limiting  grades  are  2  per  cent  com- 
pensated for  a  distance  of  20  miles  from  Piedmont  to 
Donald  on  the  east  slope  of  the  Rocky  Mountains,  and 
2.2  per  cent  compensated  for  17.8  miles  from  Beverly 
Junction  to  Boylston  on  the  western  division. 

Alignmervt.  The  sharpest  curve  on  the  main  line 
is  10  deg.,  but  the  locomotive  must  negotiate  a  16  deg. 
curve  in  the  yards  satisfactorily. 

Load.    Twelve  steel  coaches  weighing  950  tons. 

Speed.  The  locomotive  to  be  designed  for  a  speed 
of  approximately  25  mi.  per  hr.  up  a  2  per  cent  grade, 
about  35  mi.  per  hr.  on  1  per  cent  grade,  and  to  have 
a  maximum  speed  of  65  mi.  per  hr. 

Mechanical  Design.  The  locomotive  to  have  a  foiu"- 
wheel  guiding  truck  at  each  end,  of  the  "Woodard" 
t3T)e. 

The  driving  wheels  to  be  not  less  than  60  in.  in 
diameter. 

Regeneration.  Trains  to  be  held  on  down  grades  by 
regenerative  braking. 
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Train  Lighting.  Current  to  be  supplied  from  the 
locomotive  for  lighting  the  train  and  charging  the 
train  storage  batteries  at  a  voltage  of  60  to  85. 

Train  Heating.  The  locomotive  to  be  equipped  with 
an  oil-fired  boiler,  to  be  supplied  by  the  Railway 
Company,  to  furnish  steam  for  heating  the  train. 

Storage  capacity  to  be  provided  for  30,000  lb.  of 
water  and  750  gallons  of  fuel  oil. 

Thermostats.  Thermostats  to  be  provided  that  will 
automatically  start  the  blowers  for  cooling  the  mdn 
motors  when  the  motor  temperature  reaches  a  pre- 


Fio.  1— Baldwin-Webtinohoibb    3000-Volt    D-C.    275-Ton 

Passekoer  Locomotive  for  Chicaoo,  Milwaukki  &  St.  Paul 

Railway  Co. 

determined  value,  in  order  to  limit  their  operation  to 
that  time  when  they  are  actually  needed. 

Description 

A  portion  of  the  order  for  locomotives  was  secured 
by  the  Westinghouse  Electric  &  Manufacturing 
Company,  and  this  paper  covers  the  brief  descrip- 
tion of  the  Baldwin-Westinghouse  locomotive  as 
furnished. 

GcTieral.  A  view  of  the  complete  locomotive  is 
shown  in  Fig.  1,  and  a  diagram  showing  the  wheel 
arrangement,  axle  loading  and  equalization,  in  Fig.  2. 

The  locomotive  is  built  in  a  single  unit,  having 
one  long  cab,  carried  on  running  gear  of  the  4-6-2  -  2-6-4 
type. 

The  locomotive  weighs  275  tons. 

Main  Running  Gear.    The  running  gear  consists 
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essentially  of  two  Pacific  type  running  gears,  coupled 
back  to  back.  One-half  of  the  running  gear  ia  shown 
in  Fig.  3.  This  shows  the  running  gear  complete  with 
the  motors  mounted  and  the  air  conduit  earned  on 
top  of  the  motors. 

The  side  frames  are  steel  castings,  joined  over  the 
four-wheel  trucks  by  a  heavy  "A"  frame  casting; 
also  by  heavy  cross-ties  between  the  driverB  whidh 
also  support  the  motors,  carry  the  center  pin  and  carry 
the  coupling  between  the  two  running  gears. 
^  Each  half  running  gear  has  six  spring-supported 
plungers  on  which  the  cab  rests.  There  are  two  sup- 
ports at  each  end  and  two  in  line  with  the  centra*  pin. 


By  the  use  of  shims,  the  distribution  of  wei^t  betwem 
the  two  ends  of  each  running  gear  may  be  adjusted  as 
desired. 

The  equalization,  a3  shown  in  Fig.  2,  is  of  the  stand- 
ard three-point  type;  the  leading  bogie  being  cross 
equalized  with  the  leading  pair  of  drivers  and  the  pony 
axle  being  equalized  with  the  two  adjacent  driving 
axles  on  the  sides. 

Extra  points  are  provided  in  the  equalizing  levers 
so  that  practically  any  distribution  of  weight  that  is 
desired  can  be  attained. 

The  driving  wheels  are  68  in.  in  diameter;  the 
journals  S}4  in.  by  143-^  in.,  located  outside  of  the 
wheels. 

The  drawbars,  with  Minor  fraction  draft  gears,  are 
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carried  in  the  "A"  frame  casting,  previously  mentioned. 

The  coupling  between  halves  of  the  running  gear 
consists  of  a  long  bar  of  a  box  section.  This  is  shown 
in  Fig.  3.  The  coupling  pins  are  10  in.  in  diameter 
and  are  located  well  inside  the  pony  axles.  The  pins 
are  hollow,  filled  with  oil-soaked  waste  and  have  oil 
holes  provided  that  keep  the  pins  well  lubricated. 

Bogie  Trucks.  The  four-wheel  trucks  are  of  the 
"Woodard"  tyi)e  with  outside  journals;  36-in.  rolled 
steel  wheels  and  cast  steel  side  frames.  The  journals 
are  6H  in.  by  14  in. 

Pony  Trucks.  The  two-wheel  truck  is  of  the  well 
known  "Rushton"  side-bearing  type,  also  with  out- 
side journals  and  36-in.  wheels.  The  journals  are 
6  J^  in.  by  14  in. 

Brakes.  Brake  shoes  are  provided  on  all  drivers. 
A  modified  form  of  the  14-EL  Westinghouse  Air- 
Brake  Company  equipment  is  used. 

Cab.  The  cab  is  78  ft.  0  in.  long,  10  ft.  2  in.  wide; 
is  strong  and  rigid  so  that  it  can  be  lifted  at  the  ends. 
The  main  strength  lies  in  the  two  bridge  girders  ex- 
tending from  end  to  end.  The  heavy  cros&-braces 
and  the  side  members  and  top  of  the  raised  deck  down 
the  middle  of  the  c^b,  form  a  construction  that  is 
light,  but  stiff.  The  cab  is  divided  by  cross  partitions 
into  compartments,  one  at  each  end  for  the  engineer, 
and  the  others  for  the  various  parts  of  the  cab  equip- 
ment. 

Locomotive  Capacity.  The  total  motor  rating  of 
the  locomotive  is  4200  h.  p.  on  the  one-hour  basis. 
The  continuous  rating  is  3400  h.  p.  The  tractive 
effort  and  the  speed  are  given  on  the  nameplate  of  the 
locomotive  as  follows: 


Rating 

Tractive  effort 

Speed 

Pull  fleld 

Short  fleld 

57.000 
40.800 

Full  fleld 

23.8 
26.0 

Srhort  fleld 

l-bour  rating 

66.000 

40.000 

168  tons 

27.2 

Continuous  rating 

Weight  on  drivers 

30.4 
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Electrical  Equipment 

Driving  Motors.  The  six  driving  motors  are  of  the 
twin  armature  type.  See  Fig.  4.  Both  armaturea 
are  contained  in  a  single  frame,  arranged  to  seoire  the 
maximum  economy  of  weight.  The  fields  are  of  the 
standard  four-pole  type  with  four  salient  poles  and 
four  inter-poles  for  each  armature.  There  are  brush- 
arms  on  each  commutator  which  are  easily  accessible. 

Each  armature  is  wound  for  750  volts,  but  the  two 
armatures  and  the  two  sets  of  field  windings  are  con- 
nected permanently  in  series  so  that  the  rating  of  the 
complete  motor  is  based  on  1500  volts. 


The  motor  is  designed  for  field  control  by  means 
of  inductive  shunts. 

The  one  hour  rating  is  700  h.  p.  The  continuous 
rating  is  567  h.  p.  with  forced  ventilation  and  400  h.  p. 
without  blowers. 

The  characteristic  curves,  when  running  as  a  series 
motor,  are  shown  in  Fig.  5.  Curve  sheet  Fig,  6  shows 
the  performance  when  regenerating. 

Quill  Drive.  The  motors  are  mounted  rigidly  on  the 
cross  ties  of  the  running  gear,  one  directly  above  each 
driving  axle.  Each  motor  is  geared  to  a  quill  centered  in 
bearings  in  the  motor  frame  and  surrounding  the  driv- 
ing axle  with  a  clearance  all  around  when  aide  and 
quill  are  concentric  of  1^  in.    The  quill  is  connected 
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to  the  drive  wheels  by  long  helical  springs  which  are 
clamped  rigidly  at  the  ends  in  castings  which  are 
bolted  one  to  the  quill  flange  and  the  other  to  the 
drive  wheel.  There  are  seven  springs  at  each  end, 
worked  in  compression  in  one  wheel,  while  those  in  the 
other  are  in  tension.  All  springs  with  clamps  are 
interchangeable.  They  are  easily  accessible  for  in- 
spection, and  any  spring  may  be  removed  without 
disturbing  any  other  part  of  the  running  gear. 
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Fia.  5 — ^MoTOBiNG  Performance  Curvb  or  Driving  Motor 
AT  1500,  1000  AND  500  Volts 


This  drive  is  similar  to  the  well-known  quill  drive 
of  the  geared  locomotives  of  the  New  York,  New  Haven 
&  Hartford  Railway. 

Main  Motor  Control.  A  schematic  diagram  of  the 
main  motor  circuits  with  starting  resistances  and  all 
stabiUzing  resistance  and  exciters  for  regenerative 
braking  is  shown  in  Fig.  7.  The  six  motors  are  ar- 
ranged to  be  connected  in  three  combinations: 

1.    All  in  series,  giving  one-third  speed. 
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2.  Three  in  series,  two  in  parallel,  giving  two- 
thirds  speed. 

3.  Two  in  series,  three  in  parallel,  giving  full  speed. 
Inductive  shunts  are  applied  to  the  fields  on  all 

three  of  these  positions. 
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Shunt  transition  is  used  in  passing  from  one  combi- 
nation to  the  next. 

Regetieratire  Braking.  When  regenerating,  the  mo- 
tors are  separately  excited  from  two  axle-driven 
generators  which  are  carried  on  the  inside  axles  of  the 
two  four-wheel  trucks  and  geared  to  them  like  ordinary 
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interurban  railway  motors.  These  generators  are 
separately  excited  and  the  field  strength  of  the  main 
motors  is  controlled  by  varying  the  fields  of  the  exciters. 
The  scheme  that  is  used  for  regeneration  includes 
the  use  of  stabilizing  resistance,  which  is  connected  in 
series  with  the  exciter  armature,  main  motor  field 
circuit,  and  also  with  the  main  motor  armature  circuit, 
so  that  the  field  excitation  is  dependent,  to  a  certain 
extent,  on  the  armature  current.  A  schematic  diagram 
of  this  is  shown  in  Fig.  8. 
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FiQ.  7 — Schematic  Diaghaii  of  Main  Motob  Cibcuitb 


Master  Controller.  The  master  controller  is  shown 
in  Figs.  9  and  10.  It  has  four  control  drums  and  four 
operating  handles. 

1.  The  speed  drum,  which  controls  the  resistance 
switches  and  line  switches;  field  shxmts  during  motor- 
ing and  the  exciter  voltage  during  regeneration. 

2.  The  reverser  drum,  which  performs  the  usual 
fxmction. 

3.  The  motor  combination  drum,  which  has  three 
positions,  each  corresponding  to  one  of  the  three 
motor  combinations. 

4.  The  regenerative  drum,  which  changes  the  con- 
nections from  motoring  to  regenerating  and  vvife-N^t^a.. 
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The  master  controller  is  arranged  so  that  the  con- 
troller may  be  thrown  from  the  "off"  position  to  the 
second  or  third  speed  combination,  if  desired,  without 
passing  through  the  lower  combinations. 

The  method  of  operation  is  as  follows:  f 

To  Start   the  Train.    Motor  combination  lever  in 


Stabilizing      a 
Resistance      | 


Motor 
Armature 


Main  Field 


Fig  8 — Simplified  Schematic  of  Regeneration  Connection 


first  speed  position;  regenerative  lever  in  motoring 
position;  the  reverse  lever  in  forward  position. 

Move  the  speed  lever  to  the  first  notch  and  graduaUy 
notch  up  until  the  train  starts  and  then  continue 
until  the  resistance  is  all  cut  out  and  the  train  is  running 
with  the  motor  field  shunted  in  the  first  motor  combinar 
tion. 

Then  throw  the  motor  combination  lever  to  the 
second  position ;  back  off  the  speed  handle  to  the  first 
position  (at  the  same  time  pressing  a  button  in  the  end 
of  the  lever  so  that  it  cannot  pass  the  first  position). 
At  that  point,  with  the  resistance  all  in  circuit  and  the 
three  legs  of  resistance  in  parallel,  the  change-over 
takes  place;    one-half  of  the  motors  being  shunted 
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momentarily  and  then  thrown  in  parallel  with  the 
other  half.  The  resistance  is  then  notched  out  as  be- 
fore and  the  motor-fields  shunted. 

Then  the  motor  combination  handle  is  thrown  to 
the  third  position  and  the  speed  handle  backed  to  the 
fourth  notch  when  the  change  is  made  from  the  second 
to  the  third  combination,  and  the  resistance  speed 
handle  again  notched  forward.    With  the  resistance 


Fia.  9 — Master  Controller  with  Covbe  Removed  .Showing 
Drdus  for  Speed  Control,  Reversino,  Motor  Combinationb 
AND  Rboeneration 


all  cut  out,  the  motors  may  be  run  with  full  field  or 
first  or  second  shunt. 

The  engine-man  is  prevented  from  accidentally 
starting  the  locomotive  from  rest,  in  the  second  or 
third  combination,  by  an  interlock  in  the  controller 
which  prevents  the  line  switches  from  closing  when 
the  motor  combination  lever  is  in  the  second  or  third 
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position,  unless  he  pushes  a  button  in  the  top  of  the 
master  controller. 

It  is,  therefore,  necessary  when  applying  current 
with  the  locomotive  at  speed,  to  press  the  button  when 
it  is  desired  to  go  immediately  into  the  second  or  third 
combination. 

There  are  thirteen  resistance  steps,  all  of  which 
are  available  in  both  first  and  second  speed  combina- 
tions.   On  the  third  combination,  there  are  ten  steps 


OF  Master  Controllxr 


that  are  useful;  making  a  total  of  thirty-MX  r 
steps  and  two  field  shunting  notches  in  each  c 
tion,  or  a  total  of  forty-two  steps  in  the  master  control- 
ler. The  ease  of  manipulation  of  this  arrangeoieiit 
of  master  controller  has  already  been  established  in 
service. 

Main  Resistance.  The  main  resistance  is  arranged 
in  three  groups,  each  of  which  has  five  switches,  each 
short-circuiting  a  section  of  resistance.  These  three 
groups  are  connected  all  in  series  for  the  first  combina- 
tion, and  three  in  parallel  for  the  second  and  third 


1920) 


N.  W.  STORER 


723 


combinations.  The  sequence  of  closing  the  resistance 
switches  is  the  same  on  all  combinations.  The  re- 
sistances are  always  connected  in  series  before  the 
master  controller  reaches  the  "off"  position. 


■Voltage  Unit 


Overload  Trips.  The  overload  trips  are  arranged  to 
open  the  resistance  switches  and  insert  the  entire 
resistance  in  series  before  the  line  switches  are  opened. 

Regeneration.  The  operation  to  begin  regeneration 
is  as  follows: 
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1.  Throw  the  regenerative  handle  to  the  reg^iersr 
tive  position  on  the  master  controller. 

2.  Place  the  motor  combination  handle  in  poffltion 
corresponding  to  the  speed  of  the  locomotive. 

3.  Move  the  speed  lever  to  the  first  step.  This 
connects  the  motors  to  the  line  with  all  reedstance  in 
series  and  with  the  motor-fields  excited  with  the 
minimum  exciter  voltage. 

The  exciter  voltage  is  automatically  increased  until 
the  motor  voltage  equals  the  line  when  the  speed  lever 
is  moved  to  the  sixteenth  notch  of  the  controller,  after 
which  the  exciter  voltage  and  speed  can  be  changed  by 
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the  engine-man  by  moving  the  speed  handle  alternately 
back  and  forth  between  the  sixteenth  and  the  seven- 
teenth notches,  if  the  exciter  voltage  is  to  be  decreased; 
or  between  the  sixteenth  and  the  fifteenth,  if  it  is  to 
be  increased.  The  motor-operated  rheostat  will  move 
one  step  for  each  time  the  controller  is  moved. 

To  change  the  motor  combination  during  regenera- 
tion, throw  the  speed  handle  to  the  "off"  position; 
move  motor  lever  to  the  new  position  and  start  re-   ■ 
generation  as  before. 

Unit  Switches.  These  are  shown  in  Figs.  11  and  12, 
and  are  indicated  on  the  diagram  by  two  verUcal 
dashes.  The  switches  are  numbered  from  "1"  to 
"33".  The  switch  is  provided  with  a  very  powerful 
magnetic  blowout  with  arc  chutes  of  arc-resisting 
material,  and  an  arc  splitter.  It  is  electro-pneumati- 
cally    operated    and    is    designed  so  that  it   is  very 
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thoroughly  protected  from  insulation  troubles  and  for 
ease  of  inspection  and  over-hauling. 

Cam  Switches.  The  cam  switch  groups  are  shown  in 
Figs.  13  and  14,  and  indicated  on  the  diagram  by  two 
vertical  dashes  enclosed  in  a  circle.  The  switches  are 
designated  .  by  numbers  and  letters.  The  number 
corresponds  to  the  group  in  which  the  switch  is  placed 
and  the  letter  corresponds  to  the  particular  switch  in 
the  group. 

Those  of  Nos.  37  and  38,  which  are  the  groups 
operating  the  field  shtmts,  also  Nos.  39  and  40  which 
control  the  stabilizing  resistance  during  regeneration, 
are  provided  with  magnetic  blowout;  but  the  switches 


Fio.  13— Cam    Opcrated    Switch    Qrodf    with    Magnetic 
Blowocts 

for  the  reverser,  which  never  close  or  open  the  circuit 
with  current  on,  have  no  arc  chutes  or  blow-outs. 
Groups  Nos.  34  and  35,  which  make  the  different 
motor  combinations,  have  barriers  placed  between 
adjacent  switches  which  have  a  large  dilTerence  in 
potential,  but  no  magnetic  blow-out,  since  these  switches 
are  never  used  for  opening  the  circuit  under  load. 
The  groups  are  operated  electro-pneumatically.  /'j 

Auxilianes.  Power  for  the  auxiliary  motors,  con- 
trol circuits,  train  lighting,  motor  excitation,  ete.,  is 
derived  from  three  sources; 

1.  Motor-Generator.  (See  Fig.  16).  The  motor 
receives  current  from  the  line;  the  generator  ddivera 
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current  at  a  constant  voltage  of  85.    This  is  required 
primarily  for  train  lighting. 

2.  Storage  Battery.  Of  the  MV-25  ironclad  Ex- 
ide  type  containing  38  cells.  This  battery  has  a  capac- 
ity of  300  amperes  for  approximately  one  hour. 

3.  Two  Axle-driven  Generators.  Which  are  designed 
primarily  to  furnish  current  for  exciting  the  main 
motors  during  regeneration. 

The  storage  battery  is  always  available  to  supply 
current  for  locomotive  lights,  control  circuits,  and  the 
air-compressor  motor  for  short  periods.  When  the 
locomotive  is  in  service,  the  generator  of  the  motor- 
generator  set  is  always  in  parallel  with  the  battery,  and 
from  this  dual  source  is  always  taken  the  power  for 
lighting  the  locomotive  and  train,  control  circuits,  cab 
floor-warmers,  small  blower  motors  for  inductive  field 
shunts,  boiler  blower  and  exciting  current  for  the  axle 
generators.  In  addition,  the  current  for  the  air- 
compressor  motor  is  supplied  from  this  dual  service 
whenever  the  locomotive  is  standing  still  or  r^ienerat- 
ing. 

The  axle  generators  are,  as  stated,  used  primarily 
for  exciting  the  main  motors  during  regeneration.  At 
other  times,  when  the  locomotive  is  in  motion,  the 
axle  generators  are  automatically  connected  to  the 
auxiliary  circuits  from  which  the  compressor  and  main 
blower  motors  take  power.  At  this  time  the  voltage 
is  automatically  maintained  at  90. 

Air-Compressor.  A  two-stage  compressor  with  inter- 
cooler,  having  a  displacement  of  150  cubic  feet  per  min- 
ute, is  provided.  It  is  a  double-acting,  upright  type, 
driven  by  an  industrial  type  motor. 

Blowers.  Two  blowers  are  provided  to  supply 
forced  ventilation  to  the  driving  motors.  They  are 
driven  by  motors  that  are  duplicates  of  the  compressor 
motor. 

Aiixiliary  Control.  The  axle  generator  circuits  are 
shifted  from  one  circuit  to  another  by  a  group  of  the 
same  type  of  cam  operated  switches  as  are  used  in  the 
main  motor  circuits. 

The  field  rheostats  for  the  generator  of  the  motor- 
generator  set  and  the  axle  generators  are  operated  by 
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small  motors.  As  the  fields  of  the  two  axle  generators 
are  connected  in  series,  only  one  rheostat  is  required 
for  them. 

The  switches  for  controlling  the  blower  and  com- 
pressor motors  and  the  high-volt^e  motor  are  magneti- 
cally operated. 

The  motor  of  the  motor-generator  set  is  protected 
from  overload  or  short  circuit  by  a  small  permanent 
resistance  in  series  and  a  set  of  three  expulsion  type 
fuses  which  blow  in  series,  the  first  two  inserting  addi- 
tional resistance  in  the  circuit,  and  the  last  opening 
only  after  a  relatively  high  resistance  has  been  in- 
serted and  the  current  consequently  limited  to  a  low 
value. 


D  Switch  Qrodf  with  Barrikhs 


Meters.  A  Sangamo  wattmeter  is  provided  which 
has  separate  dials  for  integrating  the  motoring  watts 
and  regenerating  watts.  A  fyll  set  of  motor  ammeters 
is  provided,  and  also  a  voltmeter  reading  lin^  volts. 
An  ampere-hour  meter  is  provided  for  the  storage 
battery. 

Train-Heating  Plant.  A  boiler  with  a  capacity  for 
evaporating  4000  lb.  of  water  per  hour  is  provided  for 
heating  the  train  and  engine-man's  cab.  The  boiler 
and  water  storage  tanks  are  located  in  the  middle  of 
the  cab  and  occupy  a  relatively  large  proportion  of  the 
space.  The  tank  for  fuel  oil  is  located  directly  be- 
neath the  boiler,  and  the  water  tanks,  two  in  number, 
just  fore  and  aft  of  the  boiler. 

Pantographs.    Two  pantagraphs  of  the  dovibW  i2v\^- 
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ing  shoe  type  are  provided.  These  are  raised  by  air 
and  lowered  by  gravity. 

Wiring.  All  cable  is  in  steel  conduit,  and  all  ex- 
posed connections  are  solid  copper  bar  or  strap. 

Mechanical  Design.  This  locomotive  has  been  de- 
signed to  possess  certain  mechanical  featm-es  which 
have  developed  through  years  of  experience  with  steam 
locomotives.  These  characteristics  are  believed  to  be 
advantageous  when  applied  to  electric  loconiotive 
design  as  well.  They  may  be  sunmiarized  about  as 
follows: 

1.  Distribution  of  weight,  fore  and  aft,  with 
respect  to  wheel  base. 

2.  Height  of  center  of  gravity. 

3.  Length  of  rigid  wheel  base. 

4.  Guiding  trucks. 

5.  Equalization. 

6.  Coupling  between  truck  frames. 

7.  Diameter  of  driving  wheels. 

8.  Non-spring-bome  weight  on  driving  axles,  etc. 
The  principal  means  that  contribute  to  good  opera- 
tion are: 

1.  The  location  of  the  mass  of  the  locomotive  as 
close  to  the  center  as  possible. 

2.  High  center  of  gravity  of  that  portion  of  the 
locomotive  carried  on  the  running  gear. 

3.  A  long  rigid  wheel  base  to  insure  stability  and 
also  to  decrease  the  transfer  of  weight  due  to  draw- 
bar pull. 

4.  Guiding  trucks,  located  well  outside  the  mass 
of  the  running  gear,  to  contribute  to  stability,  as  well 
as  leading  the  locomotive  into  curves. 

5.  Proper  equalization  to  secure  stability  and 
weight  distribution. 

6.  The  minimum  permissible  restraint  to  free 
movement  of  each  axle  and  portion  of  the  running  gear. 

7.  Large  diameter  of  drivers  and  low  "dead"  weight 
on  axles. 

In  designing  a  locomotive  cab,  it  is  very  advantage- 
ous to  concentrate  the  heavy  equipment  between  the 
center  pins.    A  good  rule  is  to  have  the  radius  of 
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gyration  with  the  cab  swinging  from  one  center  pin, 
shorter  than  the  distance  between  center  pina. 

In  the  running  gear,  it  is  desirable  to  have  the  radiuB 
of  gyration  measured  from  the  center  pin,  less  than 
half  the  wheel  base.  The  closer  the  weight  is  con- 
centrated to  the  center  pin,  the  less  tendency  there 
is  to  nose  and  the  easier  the  duty  on  the  wheel  flanges 
and  track.  The  steam  locomotive  seldom  has  a  good 
fore  and  aft  distribution  of  weight,  but  its  high  center 
of  gravity  compensates  for  it. 

As  concerns  the  size  of  drivers  and  dead  weights, 


Fio.  16 — 3000-VoL'^85-VoLT    Motor-Oenbrator    Srt— Tor 
Half  Opened 

it  may  in  general  be  said  that,  other  things  hmng 
equal,  the  effect  on  track  is  inversely  prop<Hlional  to 
the  square  of  the  wheel  diameter,  and  directly  propcH*- 
tional  to  the  dead  weight. 

This  locomotive  embodies  all  the  foregoing  features 
to  a  remarkable  degree.  Particular  attention  was  given 
to  weight  distribution.  The  cab  has  the  boiler,  water 
and  oil  tanks,  storage  batteries,  air-compresaor,  re- 
sistors, motor-generator  set,  and  the  heavier  parts  of 
the  control  equipment,  concentrated  between  the 
center  pins.  The  driving  motors  are  mounted  above 
the  axles  on  the  running  gear,  thus  getting  the  weiglit 
well  inside  the  wheel  base,  but  placing  it  relatively 
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high.  The  height  of  the  center  of  gravity  of  the  com- 
plete locomotive  is  68  in.,  a  value  that  corresponds 
well  with  that  of  a  steam  locomotive. 

The  Pacific  type  of  running  gear  with  its  long  rigid 
wheel  base  and  the  guiding  trucks  is  a  particularly 
stable  design  and  is  especially  good  with  the  weight 
distribution  that  obtains  on  this  locomotive.  The 
height  of  the  center  of  gravity  of  trucks  with  motors 
mounted  is  43^  in. 

The  quill  drive,  which  is  a  further  development  of 
the  one  used  on  the  New  Haven  locomotives,  gives  each 


driving  axle  perfect  freedom  to  move  vertically  the 
full  distance  permitted  by  pedestal  jaws  without 
affecting  the  motors  or  frames,  except  through  springs. 
The  only  "dead"  weight  carried  is  the  weight  of  wheels, 
axles,  journal  boxes  and  spring  clamps;  a  total  of 
7032  pounds  for  the  wheels,  axles  and  spring  clamps 
which  are  rigidly  fastened  together,  and  770  pounds 
for  the  journal  boxes.  This  weight  with  the  larger 
diameter  of  drivers  (68  in.),  and  the  total  weight  of 
56,000  lb.  per  axle,  gives  a  combination  that  is  much 
better  than  has  been  considered  very  good  practise 
on  steam  locomotives. 
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Great  effort  has  been  made  to  cushion  the  locomotive 
against  shock,  either  while  running  or  from  bumping. 
The  apparatus  in  the  cab  is  especially  well  protected 
since  the  cab  rests  on  spring-supported  plungers  which 
are  in  series  with  the  main  semi-elliptic  springs.  The 
cab  is  protected  against  bumping  strains  by  floating 
center  pins,  which,  while  held  rigidly  against  lateral 
motion,  are  cushioned  against  longitudinal  motion  by 
heavy  springs.  It  has  been  the  practise  heretofore 
with  this  general  type  of  locomotive  to  have  one 
center  pin  rigid  in  the  running  gear  frame  and  aUow 
the  other  one  to  move  freely  in  a  longitudinal  direction. 
It  is  felt  that  it  is  much  better  to  allow  a  slight  rela- 
tive motion  between  the  two  center  pins,  but  to  pre- 
vent the  bumping  shocks  by  spring  cushioning. 

Electrical  Design 

Main  Motor.  This  was  constructed  of  the  twin 
armature  type  for  several  very  good  reasons: 

1.  The  two  armatures  can  both  drive  the  same  gear. 
A  single  armature  motor  would  requu^  twin  gears, 

each  of  the  same  gear  face  as  the  present  single  gear 
in  order  to  keep  the  tooth  pressure  down  to  the  same 
value. 

2.  The  space  between  wheels  available  for  motors 
is  limited  and  must  be  divided  between  gears  and  the 
motor  itself. 

The  use  of  a  second  gear  would  take  just  that  much 
space  out  of  the  armature  core,  and  thus  make  a  very 
large  diameter  necessary  to  get  the  output  required. 

3.  A  large  diameter  motor  and  double  gears  would 
increase  the  weight  and  cost  of  the  locomotive. 

4.  A  large  diameter  would  make  the  motor  extend 
farther  up  into  the  cab,  thus  necessitating  raising  the 
floor  above  the  motors  and  cutting  down  the  space  avail- 
able for  other  apparatus. 

5.  The  use  of  two  armatures  makes  it  easy  to  de- 
sign the  motors  so  as  to  secure  the  advantages  of  low- 
voltage  armatures  for  commutation. 

6.  Small  armatures  are  easier  to  handle  and  cheaper 
to  maintain  than  the  large  ones  would  be. 
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The  capacity  of  the  motor  was  fixed  by  the  number 
of  driving  axles.  Six  driving  axles  were  used  as  this 
seemed  to  be  the  smallest  number  that  could  be  used 
with  the  limiting  weight  on  the  drivers.  It  was  es- 
pecially fortunate,  as  it  led  to  the  adoption  of  the 
double  Pacific  type  of  running  gear  with  its  excellent 
riding  characteristics. 

The  characteristic  curves  of  the  motor,  shown  in 
Fig.  5  are  taken  from  test ;  the  efficiency  being  measured 
by  the  "input-output"  method  with  all  losses  included. 
In  making  this  test,  two  motors  were  connected  to- 
gether through  gears,  quills  and  quill  springs;  one  mo- 
tor being  run  as  a  motor,  driving  the  other  as  a  genera- 
tor. See  Fig.  17.  The  current  from  the  generator 
was  fed  back  through  the  motor  by  boosting  its  voltage, 
and  the  additional  current  required  was  supplied  from 
an  outside  soiu'ce.  The  measurements  of  the  power 
supplied  by  the  booster  and  from  this  outside  source 
constitute  the  total  losses  in  the  two  machines.  The 
test  was  made  on  motors  which  had  been  operated 
only  a  few  hours,  consequently,  the  friction  losses  are 
probably  higher  than  they  would  be  after  being  in 
service  for  awhile;  but  the  electrical  and  mechanical 
losses  are  thus  included  in  the  total,  and  the  efficiency 
thus  derived  is  the  same  as  if  the  motors  were  on  the 
locomotive.  It  is  worthy  of  note  that  the  efficiency 
thus  measiu-ed  is  materially  higher  than  that  calculated 
by  the  A.  I.  E.  E.  Rules  from  "no-load"  losses  and  the 
fixed  percentage  of  losses  for  gears  and  other  load 
losses.  These  tests  show  plainly  that  those  losses 
assumed  for  the  Institute  Rules  are  too  high  for  large 
motors. 

Fig.  4  shows  the  pinion  end  of  the  motor,  and  on 
the  motor  frame  are  shown  the  shields  which  protect 
the  motor  from  melting  snow  falling  into  the  outlet 
openings  in  the  motor  frame. 

The  motor  armatures  have  very  effective  fans 
mounted  on  them  which  give  the  motors  quite  a  high 
continuous  rating  without  the  use  of  any  forced  venti- 
lation. It  is  expected  that  the  blowers  will  not  be 
used  at  all  with  normal  train  weight,  except  on  heav- 
iest grades. 
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Control.  1.  The  first  thing  necessary  in  designing 
the  control  for  an  electric  locomotive  is  to  dedde  on 
the  combination  of  motors  that  is  to  be  used. 

2.  To  decide  on  the  schematic  arrangement  of 
switches. 

3.  To  decide  on  the  necessary  sequence  of  switches 
and  arrange  the  master  controller  and  suitable  inter- 
locks in  the  control  circuit  to  insure  following  that 
sequence. 

4.  Calculate  resistance  values  and  the  number  of 
steps  necessary  to  secure  smooth  control. 

5.  To  design  master  controller,  switches  and  other 
apparatus  to  meet  these  requirements. 

6.  To  arrange  overload  trips  so  as  to  afford  ade- 
quate protection  from  overloads  and -grounds  in  any 
part  of  the  circuits,  without  producing  dangerous 
voltage  surges  or  serious  arcing. 

Where  regeneration  is  to  be  provided  for  on  a  d-c, 
locomotive,  it  is  essential, 

1.  To  decide  on  a  scheme  that  is  inherently  stable. 

2.  To  arrange  a  schematic  diagram  of  switches 
corresponding  to  the  scheme,  and  to  utilize  as  far  as 
possible  the  same  switches  and  sequence  of  switches 
as  when  motoring,  so  as  to  keep  the  total  number  of 
switches  as  low  as  possible. 

3.  To  provide  for  beginning  regeneration  at  any 
speed  within  the  normal  running  range  without 
having  a  heavy  current  in  either  direction  that  would 
produce  a  surge  in  the  train. 

4.  To  arrange  the  control  so  that  the  engine-man 
will  have  control  of  the  regenerated  power  and  speed 
at  all  times. 

With  six  motors  to  drive  the  locomotive,  some  new 
problems  were  introduced. 

The  universal  practise  with  d-c.  motors  heretofore 
has  been  to  use  the  series-parallel  arrangement,  or  at 
most,  series,  series-parallel  and  parallel,  giving  one- 
fourth,  one-half  and  full  speed.  This  scheme  takes 
motors  in  multiples  of  two,  or  when  two  motors  are 
connected  permanently  in  series,  in  multiples  of  four. 

With  six  motors  and  twelve  armatures  on  3000  volts. 
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it  would  be  possible  to  obtain  the  regular  series-parallel 
control  in  several  ways,  had  it  been  desirable. 

1.  A  twin  motor  could  have  been  wound  for  3000 
volts,  and  six  motors  then  divided  in  three  sets  of  two 
motors;  each  set  being  arranged  for  series-parallel. 

With  this  arrangement,  the  motors  would  at  least 
be  less  rugged  and  more  liable  to  flashing  than  where 
they  are  wound  for  1500  volts,  and  the  control  would 
be  much  more  complicated. 

2.  The  motors  could  be  wound  for  1000  volts  each 
and  connected  permanently  three  in  series. 

This  would  give  the  simplest  control ;  but  connecting 
three  motors  on  independent  axles  in  series,  would  lead 
to  dangerous  over-speeding  and  two  to  three  times  the 
normal  voltage  on  the  motors  in  case  of  wheel  slippage. 
It  is  common  practise  on  high-voltage  d-c.  cars  and 
locomotives  to  run  with  two  motors  permanently  in 
series.  The  maximum  voltage  one  can  get  in  case  of 
wheel  slippage  is  less  than  double  the  normal  voltage. 
This  method  has  given  very  good  results,  but  it  is  as 
high  as  it  is  safe  to  go  with  geared  motors. 

3.  The  motors  could  be  wound  for  2000  volts,  that 
is,  1000  volts  per  armature,  and  three  armatures  con- 
nected permanently  in  series. 

This  would  be  open  to  the  same  objection  from  over- 
speeding  and  over-voltage  on  the  motors  whose  arma- 
tures are  in  different  circuits,  and  the  motors  would 
not  be  interchangeable,  for  some  would  have  their 
armatures  and  fields  connected  in  series  inside  the 
motors,  and  would  thus  have  only  four  leads,  while 
the  others  would  have  to  have  a  separate  set  of  leads 
for  each  armature  and  field  winding. 

In  none  of  these  tJbree  cases  (except  the  second), 
would  the  control  be  materially  simpler  than  the  scheme 
that  was  finally  adopted;  but  the  best  reason  for  the 
adoption  of  the  one-third,  two-thirds  and  full  speed 
arrangement  lies,  not  so  much  in  any  reasons  that  have 
been  mentioned  heretofore,  as  in  the  great  advantage 
of  the  three-speed  locomotive  for  handling  the  service. 
The  one-third  and  the  two-third  speed  arrangements 
cover  the  range  so  much  better  than  the  one-half 
speed,  or  than  the  one-quarter  and  one-half  speeds. 
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that  there  is  scarcely  any  comparison  possible.  The 
half  speed  is  too  low  for  a  running  speed  and  too  hifi^ 
for  switching.  The  one-third  speed  is  an  excellent 
switching  speed,  and  the  two-thirds  speed  is  a  good 
running  speed  and  is  especially  good  for  regenerating 
on  heavy  grades.  / 

Another  considerable  advantage  lies  in  the  decreased 
rheostatic  losses  on  this  locomotive  compared  with  one 
having  the  ordinary  series-parallel  control.  The  three 
speeds  alone  make  a  very  considerable  reduction  in 
rheostatic  losses;  but  when  combined  with  the  field 
shunting  positions  on  each  combination,  reduce  the 
rheostatic  losses  to  less  than  one-half  of  what  would 
be  obtained  with  the  ordinary  series-parallel  control. 
This,  of  course,  means  a  very  decided  reduction  in 
the  weight  of  resistance  necessary,  as  well  as  an  in- 
crease in  efficiency. 

The  combination  of  unit  switches  and  cam  switches 
gives  a  perfectly  successful,  and  at  the  same  time,  the 
lightest  combination  of  switches  possible.  The  unit 
switches  are  used  in  the  high-voltage  circuit  wherever 
they  are  required  to  open  the  circuit  with  any  current; 
thus  the  line  switches,  resistance  switches  and  safety 
switches  in  the  motor  combination  circuits  are  of  the 
unit  type  and  are  interchangeable,  except  for  inter- 
locks which  are  easily  transferred.  The  reverser 
switches,  field  shunt  switches  and  those  for  r^;enera- 
tive  change-over,  exciter  and  auxiliary  change-over 
are  of  the  cam  type,  and  operated  by  compressed  air. 
These  switches  are  assembled  in  groups  of  from  four 
to  sixteen  switches;  the  sixteen-switch  group  being 
the  reverser. 

Shunt  transition  is  used  in  passing  from  one  motor 
combination  to  another  as  it  is  simple  and  gives  suffi- 
ciently smooth  transition  to  be  very  satisfactory. 
In  changing  from  the  first  to  the  second  combination, 
one-half  of  the  motors  are  shunted  momentarily;  but 
in  going  from  the  second  to  the  third  speed,  only  one- 
third  of  the  motors  are  shunted. 

The  sequence  of  switches  is  so  simple  that  relatively 
few  of  the  unit  switches  have  interlocks  on  them,  but 
the  cam  groups  are  all  interlocked  so  that  it  is  impoflsible 
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to  get  false  operation.  The  switches  in  any  given  cam 
group  have  the  mechanical  interlock  provided  by  the 
cam  shaft. 

One  of  the  fundamental  principles  on  which  this 
locomotive  was  designed  was  that  the  motor  circuit 
should  not  be  opened,  either  in  normal  operation  or 
under  emergency,  until  the  current  had  been  cut  down 
by  the  introduction  of  resistance. 

The  specifications  describe  how  this  is  done  on  this 
locomotive.  It  is  considered  to  be  a  very  valuable,  if 
not  an  absolutely  necessary,  feature.  It  not  only 
divides  the  arcs  among  a  large  number  of  switches  and, 
therefore,  promotes  safety,  but  it  prevents  the  genera- 
tion of  high  voltages  from  suddenly  rupturing  a  heavy 
current. 

The  line  switches  are  located  in  a  separate  compart- 
ment from  the  resistance  switches  so  that  the  four 
switches  in  series  are  always  kept  free  for  the  final 
break. 

Another  fundamental  principle  in  the  regeneration 
was  that  the  motors  should  never  be  connected  to  the 
line  without  the  maximum  starting  resistance  in  series 
between  motors  and  the  line.  This  is  a  valuable 
provision  in  motoring,  but  is  necessary  in  regeneration 
to  prevent  undesirable  surges  in  the  train. 

This  locomotive  has  approximately  17  ohms  of 
resistance  on  the  first  step,  consequently,  the  maximum 
current  that  could  flow  from  the  line  would  be  less  than 
200  amperes,  if  there  were  no  voltage  generated  in  the 
motors  at  all.  If  this  current  is  divided  between  two 
or  three  circuits,  as  would  be  the  case  on  the  second  or 
the  third  combinations,  the  torque  resulting,  especially 
with  the  very  small  current  in  the  motor  field,  would 
be  negligible.  The  exciter  rheostat  is  so  arranged  as 
to  increase  the  voltage  of  the  exciter  immediately 
on  closing  the  line  switch  until  the  flow  of  current 
through  the  resistance  is  practically  zero,  which 
means  that  the  voltage  of  the  motors  equals  that  of 
the  line.  This  method  gives  perfect  safety  in  con- 
necting the  motor  to  the  line  and  the  stabilizing  re- 
sistance and  the  axle-driven  exciters  add  still  more 
to  the  safety. 
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The  stabilizing  resistance  protects  the  motors 
against  sudden  changes  in  line  voltage,  while  the  axle- 
generators  protect  against  variations  in  grade,  which 
would  otherwise  tend  to  vary  the  speed. 

In  case  of  a  sudden  reduction  in  line  voltage,  which 
would  be  followed  by  a  heavy  increase  in  the  regenerated 
current,  the  increased  voltage  drop  in  the  stabilizing 
resistance  resulting  from  this,  immediately  cuts  down 
the  field  current  and  generated  voltage  of  the  main 
motor  sufficiently  to  limit  the  increase  in  regenerated 
current  to  a  safe  value. 

In  the  case  of  the  passage  of  a  train  from  a  sharp 
curve  on  a  compensated  grade  to  a  tangent,  there 
would  be  a  tendency  for  a  sudden  heavy  increase  in 
speed,  because  of  the  steeper  grade  and  the  decrease 
in  train  resistance.  As  the  speed  increases,  the  voltage 
of  the  axle-generators  automatically  increases  and, 
therefore,  the  field  current  of  the  main  motors,  which 
holds  the  train  with  a  very  slight  increase  in  speed. 

This  scheme  of  regeneration  offers  a  high  efficiency 
as  the  only  extra  losses  are  those  in  the  exciter  and  in 
the  stabilizing  resistance,  both  of  which  are  small. 

Auxiliaries.  It  has  been  the  experience  with  high- 
voltage  d-c.  equipments  that  the  auxiliary  motors 
are  very  much  more  difficult  to  design  than  the  main 
motors.  More  trouble  is  ordinarily  experienced  with 
auxiliaries  than  with  the  main  current  api>aratu8 
and  in  order  to  make  such  apparatus  reliable,  a  great 
deal  more  expense  is  involved  than  would  normally 
be  warranted.  It  was  the  policy  on  this  locomotive 
to  limit  the  high  voltage  to  the  minimum  possible 
niunber  of  circuits  and  the  minimum  amount  of 
apparatus.  It  was  impossible  to  avoid  it  altogether 
on  the  moving  apparatus,  due  to  the  fact  that  the 
train  lighting  must  be  supplied  for  hours  at  a  time  in 
case  of  any  emergency  when  the  train  is  held  up  by  a 
wreck  or  because  of  storms.  The  motor-generator 
set,  which  is  designed  primarily  for  this  purpose,  is 
the  only  piece  of  moving  apparatus  among  the  auxiliar- 
ies which  has  the  high  voltage  applied  to  it.  The 
voltage  selected  for  the  auxiliary  circuits  was  primarily 
decided  by  the  voltage  required  for  train  lighting. 
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While  85  volts  is  lower  than  would  otherwise  be  se- 
lected for  the  auxiliary  motors,  it  is  perfectly  safe 
and  is  a  voltage  that  is  so  low  that  the  motors  can 
be  forgotten,  as  far  as  the  questions  of  insulation  and 
conmiutation  are  concerned.  The  auxiliary  motors 
are,  of  course,  very  much  smaller  than  would  be  the 
case,  if  the  high  voltage  were  applied  to  them. 

A  storage  battery,  from  the  stsmdpoint  of  operation, 
is  always  a  desirable  thing  on  the  locomotive  as  it 
offers  an  opportunity  for  making  a  complete  inspection 
of  control  apparatus  by  furnishing  current  for  the 
lights  and  control,  and  for  keeping  up  the  air  pressure 
without  having  the  high-voltage  current  on  the  loco- 
motive at  all.  Having  a  source  of  power  to  furnish 
light  on  the  locomotive  is  a  very  desirable  feature. 

The  combination  of  the  storage  battery  and  the 
axle-generators  will  furnish  ample  auxiliary  power  to 
take  a  locomotive  to  the  end  of  a  run,  if  the  motor- 
generator  set  fails.  The  same  combination  will  take 
a  train  safely  down  the  longest  and  steepest  grade  with 
the  air-brakes,  if  power  is  for  any  reason  cut  off  the 
line.  If  the  train  is  going  up  a  grade  and  power  is 
cut  off,  the  battery  will  furnish  air  to  hold  the  train 
with  the  brakes  for  a  considerable  time,  so  that  it  will 
not  be  necessary  to  block  the  wheels  as  is  the  ordinary 
practise,  unless  power  is  off  for  a  considerable  time. 

Low-voltage  motors  are  so  small,  comparatively 
speaking,  that  although  there  is  a  great  difference 
in  the  power  required  for  the  compressor  and  the  main 
blower  motors,  it  was  felt  that  the  advantage  of  having 
the  motors  interchangeable  was  worthy  of  the  increase 
in  cost  of  the  blower  motors.  The  design  of  the  com- 
pressor adopted  is  favorable  to  this,  so  that  the  motor 
is  practically  a  standard  industrial  t3rpe  of  motor. 

Thermostat.  The  thermostat,  which  is  used  for 
starting  the  blower  motors,  in  accordance  with  the 
requirements,  consists  simply  of  a  cast-iron  resistance 
made  up  in  tubular  form,  which  is  in  series  with  the 
main  motor  armature.  This  resistance  is  enclosed 
by  several  micarta  tubes  so  that  it  has  substantially 
the  same  thermal  characteristic  as  the  main  motor. 
There  is  a  Sylphon  tube  contained  within  the  resistance 
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tube,  which  expands  when  a  predetermined  tempera- 
ture is  reached  and  closes  the  magnet  circuit  of  the 
blower  motor  switch,  thus  starting  the  blower  when 
that  temperature  is  reached.  The  apparatus  is  veiy 
simple  and  rugged;  and  while,  of  course,  it  cannot 
follow  the  temperature  of  the  motor  absolutely^  it 
is  sufficiently  accurate  for  the  purpose. 

Conclusion 

The  initial  operation  of  these  locomotives  has  given 
every  reason  to  anticipate  that  good  riding  qualities, 
the  advantage  due  to  low-voltage  auxiliaries,  the 
flexible  speed  control,  stability  of  regeneration,  safe- 
guards against  short  circuits,  and  the  simplicity  and 
ruggedness  of  the  individual  parts  of  the  locomotive, 
form  a  combination  that  will  be  a  great  success  in  the 
service  for  which  it  was  designed. 


PresenUd  at  AsjsSth  mggiingofthtAwurican 
Institute  of  Electrical  Engineers, 
Pittsburgh,  Pa.,  March  12,  IQ20. 

Copyright  1920.         By  A.  I.  E.  E. 


PASSENGER   LOCOMOTIVES   FOR  CHICAGO, 
MILWAUKEE     &    ST.     PAUL    RAILWAY 


BY  A.  F.  BATCHELDER 

Ry.  Locomotive  Dept..  General  Electric  Co.,  Schenectady,  N.  Y. 

AND 

S.  T.  DODD 

Ry.  &  Traction  Engineering  Dept.,  General  Electric  Co.,  Schenectady,  N.  Y. 


DECEMBER  9th,  1915,  may  be  condciered  the  date 
of  the  initial  electrical  operation  over  the  electri- 
fied lines  of  the  Chicago,  Milwaukee  &  St.  Paul 
Raliroad.  During  the  following  winter  the  electrifica- 
tion was  extended  over  440  miles  of  route  from  Harlow- 
ton,  Montana,  to  Avery,  Idaho,  a  section  which  crossed 
the  Belt  Mts.,  the  Rocky  Mts.,  and  the  Bitter  Roots. 
The  locomotives  for  this  initial  electrification  were  of 
the  geared  t3rpe,  designed  and  built  especially  with  a 
view  to  the  most  economical  operation  of  the  freight 
service.  The  locomotives  for  passenger  service  differed 
from  the  freight  locomotives  only  in  the  details  where  it 
was  absolutely  necessary  to  meet  the  operating  require- 
ments, such  as  changing  the  gear  ratio  to  increase  the 
speed  and  providing  car  heating  and  lighting  equipment. 
Three  years  later,  in  1918,  the  successful  operation 
of  the  original  equipment  had  convinced  the  raiboad 
company  of  the  economical  advantages  of  electric 
operation,  and  they  decided  to  equip  an  additional 
section  extending  over  the  Cascade  Mts.  between 
Othello,  Washington,  and  Tacoma,  Washington,  a 
distance  of  212  miles.  In  choosing  the  equipment  for 
the  new  extension,  it  was  decided  to  give  special  emphasis 
to  the  requirements  of  passenger  service  and  to  purchase 
locomotives  which  were  primarily  designed  with  this 
in  view,  taking  advantage  of  any  details  which  would 
assist  in  the  proper  and  economical  operation  of  passen- 
ger trains.  For  the  freight  service  it  was  decided  to 
retain  the  geared  locomotives  that  were  in  use  on  the 
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Harlowton-Avery  Division,  changing  the  gear  ratio 
where  necessary  to  meet  freight  conditions,  and  using 
only  locomotives  of  the  new  design  for  passenger 
service. 

To  meet  the  specification  for  passenger  locomotives, 
the  General  Electric  Company  has  designed,  completed, 
and  tested,  a  locomotive  which  appears  to  embody  the 
necessary  qualifications  and  to  successfully  fulfill  the 
requirements,  both  from  electrical  and  mechanical 
standpoints.  In  designing  the  locomotive,  particular 
attention  has  been  given  to  the  features  affecting 
safety,  reliability,  eflSciency,  convenience  of  operation, 
effect  on  track,  and  cost  of  maintenance.  The  loco- 
motive has  especially  good  riding  qualities;  it  has  no 
apparent  effect  on  the  alignment  of  the  track,  and  to  a 
marked  degree,  it  is  free  from  transverse  movements  or 
oscillation  which  would  tend  to  create  lateral  pressures 
against  the  rails. 

It  is  the  intention  of  this  paper  to  give  a  description 
of  this  locomotive  which  differs  in  many  ways  from  the 
locomotives  which  are  now  in  operation  on  the  Harlow- 
ton-Avery Division,  to  indicate  the  reason  for  choosing 
this  design,  and  to  call  attention  to  some  of  the  principal 
features  which  differ  from  usual  practise.  Briefly 
stated,  the  service  requirements  for  the  locomotive  are 
to  operate  a  950-ton  passenger  train  over  the  mountain 
divisions  of  the  Chicago,  Milwaukee  &  St.  Paul 
Railway  at  speeds  of  25  mi.  per  hr.  up  2  per  cent  grades 
with  maximum  operating  speeds  of  60  mi.  per  hr.  on 
the  level,  and  to  provide  regenerative  braking  on  the 
down  grades  at  speeds  consistent  with  safe  operation. 
Fig.  1  is  a  photograph  of  the  locomotive  in  three- 
quarter  view.  Fig.  2  is  an  outline  drawing  of  the  side 
elevation,  giving  the  general  dimensions.  Fig.  3  is  a 
section  through  the  apparatus  cab,  showing  the  location 
and  arrangement  of  the  principal  pieces  of  apparatus. 

It  will  be  seen  that  the  running  gear  is  composed 
of  four  individual  trucks;  two  end  trucks  having 
three  axles  each,  and  two  center  trucks  having  four 
axles  each.  These  trucks  are  connected  together  by 
special  articulation  joints.    The  motor  armatures  are 
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mounted  on  the  axles  and  the  motor  fields  are  carried 
on  the  truck  frames. 

The  superstructure  is  made  in  two  sections  of  similar 
design  with  a  third  section  between  them.  The  third 
or  central  section  contains  the  train  heating  equipment, 
which  consists  of  an  oil  fired  steam  generator,  together 
with  water  and  oil  tanks.  This  imit  is  complete  in 
itself,  and  is  carried  over  supports  attached  to  the  two 


■Three-Quakteh  View  or  Ik>coiiotiv£ 


middle  trucks.  It  can  be  readily  removed  for  repairs 
without  interfering  with  any  other  part  of  the  loco- 
motive. It  is  placed  between  the  two  operating  cabs 
in  order  to  be  easy  of  access  to  the  engineer's  helper  or 
fireman,  from  either  location. 

The  two  end  sections  are  similar  to  each  other  in 
appearance.  The  operator's  cab  in  either  section  is  on 
the  inner  end  next  to  the  heater  cab  above  described, 
in  order  that  the  operator  can  be  convenient  to  the 
heater  and  in  order  to  allow  a  maximum  space  for 
apparatus  in  the  apparatus  cab  or  outer  end  section. 
Another  advantage  of  this  arrangement  of  cabs  is  that 
the  operator  can  have  access  to  any  section  of  the  loco- 
motive requiring  his  presence  without  passing  through  a 
section  containing  high-tension  apparatus.  The  engi- 
neer's or  operating  cab  contains  a  main  or  master  con- 
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troUer,  the  air  brake  valves  and  handles,  and  an  instru- 
ment panel,  containing  air  gages,  ammeters,  and 
speed  indicator.  The  engineer  uses  either  of  the  two 
operating  cabs  according  to  the  direction  in  which  he  is 
running. 

A  door  gives  access  from  the  operating  cab  to  the 
apparatus  section  which  extends  with  a  cylindrical  top 
to  the  extreme  end  of  the  locomotive.  The  cylindrical 
construction  naturally  adapts  itself  to  the  protection 
of  the  apparatus  included  and  in  addition  to  this,  it 
has  the  advantage  of  allowing  a  clear  vision  for  the 
operator  from  his  normal  operating  position.  Con- 
tained in  this  apparatus  section  are  the  resistors  and 
contactors  to  control  the  power  circuits  of  the  locomo- 
tive. The  starting  resistors  are  placed  in  two  rows  on 
each  side  of  the  central  passage  just  above  the  floor  of 
the  superstructure  and  are  covered  at  the  sides  by 
removable  covers  which  when  opened  will  allow  the 
separate  resistor  boxes  to  be  slid  out  upon  the  longi- 
tudinal running  board  outside  of  the  apparatus  cab. 
The  air  compressor  for  the  air  brakes,  the  motor- 
generator  set  for  train  lighting,  and  the  storage  battery 
for  marker  lights  and  emergency  control,  stand  upon 
the  same  level  as  the  resistors,  and  can  be  removed  or 
replaced  in  a  similar  manner.  Above  the  resistors  are 
located  the  contactors  with  their  arc  chutes  facing  a 
central  aisle  two  feet  wide.  This  allows  ample  arcing 
space  and  room  for  inspection  of  contactors. ,  Above 
the  contactors  is  the  cylindrical  roof  of  the  locomotive 
with  trap  doors  for  inspection  of  the  back  connections 
and  insulation  and  for  removing  the  contactors  in  case 
replacement  is  necessary.  The  whole  design  and 
arrangement  of  this  apparatus  cab  lends  itself  to  a 
maximum  economy  of  cost  and  material,  as  well  as  to 
convenience  of  inspection  and  repair  of  apparatus. 

Motors 

The  motors  are  of  the  well  known  bi-polar  gearless 
design  which  were  adopted  by  the  New  York  Central 
Railroad  14  years  ago,  and  which  have  proved  by 
fourteen  years'  service,  operating  heavy  passenger 
trains  between  Grand  Central  Station  and  Harmon^ 
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to  be  well  suited  for  the  service.  This  motor  has 
demonstrated  its  remarkable  reliability  and  low  cost  of 
maintenance. 

To  insure  light  weight  per  axle,  flexibility  in  control, 
good  truck  arrangement  for  curving  as  well  as  for 
high-speed  running,  twelve  motors  are  chosen^  each  of 
relatively  small  capacity.  They  are  especially  de- 
signed to  withstand  high  temperature,  being  insulated 
with  mica  and  asbestos. 

Fig.  4  shows  the  motor  armatiu'e  complete,  built 
directly  on  the  axle  with  the  wheels  pressed  and  keyed 
in  place.  The  continuous  rating  of  each  motor  at  1000 
volts  and  with  120  degrees  rise  by  resistance  is  266  h.p., 
corresponding  to  3500  lb.  tractive  effort  at  the  rim  of 
the  drivers  at  a  speed  of  28.4  mi.  per  hr.  Forced 
ventilation  is  employed  for  cooling.  The  armature 
core  is  provided  with  holes  for  the  passage  of  ventilating 
air.  Ventilating  blowers  are  located  above  each  motor 
armature  and  deliver  air  at  the  commutator  end  of  the 
motor  where  it  divides,  a  part  passing  through  the 
armature  and  a  part  back  through  and  around  the  field 
coils  where  it  escapes  upwards  and  is  afterwards  used 
for  ventilating  the  starting  resistors. 

This  type  of  motor  gives  very  high  power  efficiency 
in  average  operation,  it  having  no  journal  bearings  or 
gearing.  It  lends  itself  nicely  to  simple  and  compact 
locomotive  design  as  the  frame  is  made  use  of  to  furnish 
the  entire  path  for  the  magnetic  flux.  The  pole 
pieces  and  field  coils  are  fastened  to  the  cross  transoms 
of  the  trucks  and  the  magnetic  flux  passes  horizontally 
in  series  through  all  twelve  motors,  finding  a  return 
path  through  the  locomotive  frame.  The  articulation 
joints  between  the  trucks  are  made  in  such  a  manner 
that  large  surfaces  are  in  contact  to  provide  an  easy 
path  for  the  flux.  The  pole  pieces  are  made  flat  in 
order  to  prevent  the  pole  pieces  from  coming  in  contact 
with  the  armature  during  the  vertical  movement  of 
the  truck  frame  on  its  springs  or  when  removing  or 
assembling  the  armatures.  A  minimum  clearance  of 
3/8  in.  on  each  side  is  allowed  between  the  armature  and 
the  pole  piece  tips.    The  brushholders  are  bolted  to 


A.  F.  BATCH  ELDER  AND  S.  T.  DODD        747 


the  transom  allowing  the  brushes  to  move  up  and  down 
with  the  fields  as  the  frame  rides  on  the  truck  springs. 


Fio.  3 — Chosb-Section  of  Apfabatob  Cab 


Control 

In  choosing  the  control  apparatus  special  care  has 

been  taken  to  use  individual  pieces  of  apparatus  best 

suited  to  the  particular  requirements.    Where  single 
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independently  operating  switches  are  necessary  as  on 
the  resistance  notches,  electro-magnetic  control  is 
used.  Where  several  switches  are  required  to  operate 
at  one  time  as  in  changing  from  series  to  parallel  motOT 
connections,  banks  of  switches  with  electro-pneumatic 
cam  control  are  used,  thus  insuring  positive  operation, 
eliminating  interlocks,  and  simplifying  the  wiring. 

The  control  for  motoring  is  arranged  for  four  motor 
combinations. 

The  first  combination  has  nine  rheostatic  steps,  one 
full  field  st«p,  and  one  tapped  field  step,  with  twelve 
motors  in  series  across  3000  volts. 


Fia.  4 — Bi-PoLAH  Gi:AKLBSB  Aruatuhe  and  Whixls 


The  second  combination  has  six  rheostatic  steps, 
one  full  field  step,  and  one  tapped  field  step,  with  six 
motors  in  series  and  two  sets  in  multiple. 

The  third  combination  has  eight  rheostatic  steps, 
one  full  field  step,  and  one  tapped  field  step,  with  four 
motors  in  series,  and  three  sets  in  multiple. 

The  fourth  combination  has  eight  rheostatic  steps, 
one  full  field  step,  and  one  tapped  field  step,  with  three 
motors  in  series,  and  four  sets  in  multiple. 

This  results  in  a  total  of  39  control  steps  with  a 
choice  of  eight  operating  speeds,  exclusive  of  the 
resistance  steps.  The  locomotive  characteristics  on 
the  various  steps  are  clearly  shown  in  Fig.  5. 

The  regeneration  of  power  for  braking  is  accom- 
plished in  a  simple  manner  by  using  some  of  the  motoiy 
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for  exciting  the  fields  of  the  others,  which  in  turn  are 
used  as  generators  to  return  power  to  the  line. 

As  a  provision  against  short  circuits,  or  extreme 
overloads,  a  quick  acting  circuit  breaker  is  provided 
in  the  apparatus  cab  which  will  protect  the  circuit 
in  less  than  1/100  of  a  second. 

Mechanical  Construction 

For  flexibility  in  curving,  the  running  gear  is  made 

up  of  four  trucks,  each  of  a  relatively  shnrt  wheel 


:ii:3a 
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Fio.  6 


base.  The  two  middle  trucks  have  four  driving  axles 
each;  and  the  two  end  trucks,  two  driving  axles  and 
one  guiding  axle  each,  making  a  total  of  14  axles.  The 
trucks  are  connected  together  with  articulated  joints 
which  allow  of  no  relative  lateral  movement  between 
them,  so  that  each  truck  positively  leads  the  following 
truck.  This  is  for  the  purpose  of  reducing  flange  wear 
on  curves  and  lateral  oscillation  on  tangent  track. 
The  most  important  problem  that  has  to  be  faced  in 
the  design  of  a  locomotive  for  high-speed  passenger 
service  is  the  problem  of  limiting  as  far  as  possible  the 
lateral  oscillations  of  the  locomotive  structure  which 
tend  to  distort  the  track,  and  to  minimize  the  effect  on 
the  track  of  such  oscillations  as  occur.  If  a  locomotive 
were  built  with  a  rigid  wheel  base  as  long  as  tiie  total 
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wheel  base  of  the  present  locomotive  (67  ft.),  the  lateral 
oscillations  could  not  reach  any  large  angular  value. 
However,  on  account  of  the  long  wheel  base,  such  a  loco- 
motive would  be  incapable  of  taking  curves.  By  artic- 
ulating the  wheel  base,  as  we  have  done,  the  locomotive 
is  capable  of  accommodating  itself  to  track  curvature, 
but  at  the  same  time,  on  account  of  the  articulation 
between  trucks,  and  the  consequent  guiding  effect 
of  one  truck  on  another,  the  lateral  oscillations  on 
.  tangent  track  are  minimized  in  the  same  manner  as 
would  be  done  by  the  use  of  a  long  rigid  wheel  base. 


To  soften  any  lateral  blow  that  may  be  given 
against  the  rail,  the  leading  and  trailing  axles 
are  allowed  a  movement  of  one-half  inch  relative  to 
the  truck  frame,  either  way  from  their  central  position. 
This  movement  takes  place  against  a  resistance  in- 
troduced by  wedges  above  the  journal  boxes  which 
tend  to  hold  the  box  in  its  central  position  and  to 
give  a  dead  beat  action  opposing  the  motion.  This 
wedge  construction  is  illustrated  in  Fig.  6.  To  further 
protect  the  track  from  lateral  displacement  on  the 
ties,  the  outer  end  of  the  superstructure  is  carried  on 
rollers,  bearing  on  inclined  planes  upon  the  truck 
frames,  while  the  inner  end  of  the  supra-structare  is 


19201  .4.  F.  BATCHELDEH  AND  S.  T.  DODD         751 

rigidly  fastened  to  one  of  the  middle  trucks.  This  con- 
struction tends  to  hold  the  leading  and  trailing  trucks 
in  their  central  position.  When  a  blow  is  delivered 
by  the  leading  or  trailing  truck  against  the  rail  head, 
the  superstructure,  is  displaced  laterally  across  the 
outer  truck.  In  such  a  sideways  displacement,  the 
weight  of  the  superstructure  rolls  up  on  the  inclined 
plane  on  that  side,  and  thus  transfers  weight  to  the 
rail  that  is  affected  and  increases  the  adhesion  of  the 
rail  to  the  tie.  This  action  really  has  two  results. 
It  not  only  increases  the  holding  power  between  rail 
and  tie  at  that  point,  but  it  introduces  a  time  lag  and 
increases  the  time  and  distance  during  which  the 
pressure  is  delivered  to  the  rail  head. 


FtQ.  7 — Side  View  of  Complete  Locomotitb 


As  a  matter  of  record,  it  should  be  said  that  the  first 
of  these  new  locomotives  was  delivered  to  the  rwlway 
company  at  Deer  Lodge,  Montana,  on  December  14th, 
1919,  and  was  put  in  operation  handling  passenger 
trains  between  Deer  Lodge  and  Avery. 

For  convenience  of  reference  a  table  is  attached 
giving  a  summary  of  the  principal  dimensions  and 
characteristics  of  this  locomotive. 

Total  weight 521,2001b. 

Total  weight  on  drivers 457,800 

Weight  per  driving  axle 38,l.'iO 

Dead  weight  per  driving  axle 9,500 

Weight  per  idle  axle 31,7110 

Dead  weight  per  idle  axle 3,560 

Length  overall 76ft.  0       in. 

Width  overall 10  ft.  0        in. 

Height  over  oahs 14  ft.  115^  in. 
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Height  over  pantog^raph,  looked  down 16  ft.         8     in. 

Total  wheel  base 67  ft.         0     in. 

Max.  rigid  wheel  base 13  ft.         9     in. 

Diameter  of  driving  wheels 44  in. 

Diameter  of  idle  wheels 36  in. 

Size  of  journals 6  in.  by  13  in. 

Dimensions  of  operator's  cab 5  ft.  by  10  ft. 

Dimension  of  heator  cab 14  ft.  11  in.  by  10  ft. 

Heater  capacity 4,000  lb.  steam  per  hr. 

Water  capacity 30,000  lb. 

Oil  capacity 6,0001b. 

Compressor  capacity 150  cu.  ft.  per  min. 

Number  of  motors 12 

Type  of  motor (bi-polar)  GE— 100 

Diameter  of  armature 29  in. 

Clearance  between  bottom  plate  and  top 

of  rail 5Ji  in. 

Working  range  of  pantograph 9  ft.         0  in. 

Locomotive  Rating  Tapped  field         FvUfidd 

Total  horsepower,  1  hr.  motor  rating 3,()00  3,500 

Total  tractive  effort  1  hr.  motor  rating. .  37,500         48,500 

Speed  mi.  per  hr 35.6  27.1 

Total  horsepower  continuous 3,200  3,200 

Total  tractive  effort  continuous 32,000         42,000 

Speed,  mi.  per  hr 37.8  28.4 
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Discussion  on  "Passenger  Locomotives  for  Chicago, 
Milwaukee  and  St.  Paul  Railway"  (Batchel- 

DER  AND    DODD)  AND    "THE    BALDWIN-WESTING- 

HousE  Chicago,  Milwaukee  and  St,  Paul 
Electric  Locomotives"  (Storer),  Pittsburgh, 
Pa.,  March  12,  1920. 

S.Q.Hayes:  There  is  one  point  I  would  like  to 
ask  Mr.  Dodd.  One  of  the  illustrations  of  the  G.  E. 
locomotive — the  one  looking  through  the  apparatus 
cab — apparently  showed  all  the  control  leads  lying 
loosely  ontop  of  the  contactors  off  on  the  left  hand 
side.  I  was  wondering  whether  that  were  temporary, 
or  whether  that  was  their  permanent  position  m 
place. 

R.  L.  Wilson:  In  the  early  days  of  the  application 
of  electric  traction  to  railroads,  I  had  some  experience 
with  it  as  a  practical  man.  In  those  days  the  electric 
locomotive  was  so  complicated — or  it  seemed  that 
way  to  me,  at  any  rate — that  there  not  did  seem  to  be 
any  hope  of  anybody  but  an  engineering  apprentice 
understanding  it.  Since  that  time,  I  am  informed 
that  a  man  with  ordinary  intelligence  can  handle  it. 
From  what  I  have  seen  tonight  it  still  looks  compli- 
cated. However,  the  reliabiUty  of  all  these  devices 
has  been  proved. 

Now,  to  me,  the  main  point  that  has  been  brought 
out  tonight  is  the  absolute  divergence  of  opinion,  if 
you  like  to  so  term  it,  as  to  how  to  meet  a  given  problem, 
particularly  mechanically.  In  looking  at  the  different 
illustrations,  we  see  that  the  locomotive  described  by 
Mr.  Storer  has  a  running  gear  very  similar  to  the  or- 
dinary Pacific  type  of  steam  locomotives,  which  every- 
body is  familiar  with,  and  which  apparently  has 
proved  satisfactory  in  a  mechanical  way,  so  far  as 
running  and  the  effect  on  the  track  is  concerned.  I 
imagine  that  fact  is  what  lead  to  the  adoption  of  that 
particular  type  of  running  gear,  by  the  engineers 
who  designed  the  locomotive  in  question.  What  led 
to  the  other  design  I  do  not  know,  imless  it  would  be 
to  gain  electrical  efficiency  at  high  speeds.  It  seems 
to  me  that  inherently  that  design  would  be  expected 
to  react  on  the  track  more  than  the  other,  and  that 
certain  devices  would  have  to  be  introduced  in  the 
design  and  construction  to  overcome  that  inherent 
tendency. 

I  was  much  interested  in  Mr.  Dodd's  description  of 
what  the  devices  were,  the  wedges  which  are  on  the 
leading  truck  and  the  rollers  rolling  on  an  inclined  plane 
elsewhere.  That  idea  of  a  roller  was  used, — or  some- 
thing corresponding  to  it — in  the  first  engines  which 
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were  installed  on  the  New  York,  New  Haven  &  Hart- 
ford system,  which  had  a  tendency  to  oscillate.  In 
that  case  it  was  not  a  roller  rolling  an  inclined  plane, 
but  rather  a  cam  effect  at  each  comer,  so  that  when 
the  cab  tended  to  oscillate,  it  raised  the  weight  on 
this  cam,  which  tended  to  bring  the  cab  back  into 
position  and  stop  the  oscillation.  It  seems  to  me  that 
the  fact  that  these  rollers  come  into  play,  and  act  only 
on  one  side,  and  leave  the  other  loose  would  not  be  a 
good  thing,  although  it  may  work  out  otherwise. 

Now,  as  Mr.  Storer  said,  the  low  speed  motor  is 
inherently  subject  to  higher  losses,  copper  losses  par- 
ticularly, and  I  noticed  in  the  paper  here  that  the 
tractive  effort  of  the  locomotive  that  Mr.  Dodd  de- 
scribed is  46,000  lb.,  and  that  somewhere  else  it  says 
something  about  the  heating  limit  being  120  deg.» 
corresponding  to  3500  lb.  tractive  effort.  As  I  under- 
stand, the  specifications  call  for  25  miles  an  hour  up 
a  two  per  cent  grade  or  thereabout,  which  corresponds 
to  a  tractive  effort  of  about  50,000  lb.,  which  would 
bring  an  overload  on  a  motor  designed  for  46,000  lb. 
tractive  effort. 

I  was  wondering,  in  going  up  a  long  grade,  whidi 
would  take  an  hour  to  ascend,  what  temperature  the 
motors  would  likely  attain. 

E.  H.  Martindale:  In  the  paper  presented  by 
Mr.  Dodd  the  statement  is  made:  "The  continuous 
rating  of  each  motor  at  1000  volts  and  with  120  deg. 
rise  by  resistance  is  266  h.  p.,  corresponding  to  8500  lb. 
tractive  effort  at  the  rim  of  the  drivers  at  a  speed  of 
28.4  mi.  per  hr."  I  ask  Mr.  Dodd  what  the  maximum 
operating  temperature  is  which  is  allowed  on  the 
motor. 

R.  J.  Wensley:  I  would  like  to  ask  Mr.  Dodd  a 
a  question.  A  couple  of  years  back,  or  possibly  more, 
there  were  one  or  two  disastrous  wrecks  on  the  New 
York  Central  with  the  low  gravity  motors,  and  there 
were  some  comments  made  at  the  time  as  to  the  effect 
of  the  low  gravity  motors  on  the  track,  and  some 
claimed  that  the  low  gravity  motor  was  to  blame  for . 
the  wreck,  claiming  that  it  caused  the  locomotive  to 
climb  off  the  track.  I  never  heard  that  satisfactorily 
explained.     Posvsibjy  Mr.  Dodd  can  do  that. 

F.  D.  Hall:  Considerable  stress  has  been  laid  on 
the  superior  efficiency  of  the  gearless  motor  at  high 
speed.  What  is  the  average  speed  of  the  locomotive 
in  its  day's  run? 

R.  E.  Ferris:  I  would  like  to  ask  Mr.  Dodd  if 
he  anticipates  any  trouble  from  snow  when  the  motor 
is  mounted  on  the  axle,  and  in  close  to  the  truck,  as 
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the  snow  conditions  are  very  severe  on  the  Milwaukee 
Road. 

A.  M.  Candy:  Mr.  R.  L.  Wilson  brought  out  a 
question  which  I  think  should  prove  quite  interesting 
namely,  the  reference  to  the  complexity  of  the  modem 
electric  locomotive.  About  ten  years  ago  I  had  the 
pleasure  of  being  numbered  amongst  a  group  of  some 
25  or  30  young  men  who  were  assigned  to  work  on  the 
Pennsylvania  terminal  electrification  in  New  York 
City.  When  the  locomotives  for  that  service  were 
placed  in  operation  a  few  weeks  previous  to  the  of- ' 
ficial  opening  of  the  terminal,  there  was  some  question 
as  to  whether  or  not  the  average  railroad  man  (the 
locomotive  engineer  and  fireman)  could  handle  these 
locomotives  satisfactorily.  As  a  result,  one  of  us  was 
assigned  to  each  locomotive  to  be  on  board  at  all 
times  when  it  was  in  service,  so  that  if  anything  went 
wrong  of  a  minor  nature  the  train  service  would  be 
delayed  as  little  as  possible.  Each  of  us  prepared 
himself  with  a  small  notebook,  in  which  we  had  all  the 
schematic  diagrams  and  main  wiring  diagrams  of  loco- 
motive, together  with  the  names  and  mmibers  of  all  the 
wires,  control  fingers,  interlock  contacts,  etc.  We 
had  the  sequence  of  the  various  switches  and  the  names 
and  numbers  of  practically  all  of  the  control  wiring 
committed  to  memory,  so  that  at  a  moment's  notice 
we  could  tell  exactly  where  to  look  for  trouble  in  the 
event  of  failure  of  any  particular  switch  or  any  of  the 
auxiliary  equipment.  We  did  an  unlimited  amoimt 
of  tutoring  with  the  engineers  to  teach  them  this  in- 
formation, and  it  was  quite  customary  for  us  to  quizz 
one  another  as  to  the  method  of  procedure  assuming 
certain  failures  should  take  place.  In  fact  we  vied 
with  each  other  to  devise  imaginary  troubles  and  the 
simplest  means  of  correcting  or  eliminating  the  failures. 
The  most  of  us  were  located  on  this  job  and  worked 
faithfully  for  approximately  one  year.  During  all 
that  time,  however  if  my  memory  serves  me  correctly, 
there  was  not  one  of  us  who  ever  got  an  opportunity 
to  display  the  knowledge  which  he  had,  because  the 
apparatus,  even  in  the  minutest  detail,  never  failed 
to  function  properly.  Of  course,  the  locomotives 
were  inspected  at  regular  intervals,  but  the  strength 
and  simplicity  of  the  equipment  was  such  that  even 
though  the  locomotives  were  operated  a  great  many 
more  miles  per  inspection  than  is  customary  with 
steam  locomotives,  they  did  not  cause  any  train  de- 
tentions. 

It  seems  to  me  that  in  so  far  as  the  subject  of  general 
electrification  of  steam  railroads  is  concerned  at  least, 
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it  would  be  better  for  us  to  consider  the  electric  loco- 
motive from  the  standpoint  of  being  a  perfected  com- 
plex mechanism  rather  than  an  experimental  comi>li- 
cated  mechanism,  and  that  it  would  be  better  to  point 
out  the  advantages  of  the  electric  locomotive  versus 
the  steam  locomotive,  rather  than  to  argue  extensively 
among  ourselves  as  to  which  particular  type  or  design 
of  locomotive  is  most  satisfactory. 

There  is  one  other  point  which  I  desire  to  mention, 
and  that  is  the  one  brought  out  by  Mr.  Dodd  in  re- 
ference to  his  locomotive,  namely,  the  very  free  and 
unobstructed  view  presented  to  the  engineer  through 
the  cab  window,  looking  out  along  the  arch  is^iied 
dome  over  the  switching  and  resistance  units.  Jud^ng 
from  the  illustration  thrown  upon  the  screen,  it  strikes 
me  that  the  view  is  certainly  not  any  more  obstructed 
than  that  obtaining  for  the  average  steam  locomotive. 
I  do  not  believe  that  Mr.  Storer  mentioned  this  point 
in  connection  with  his  locomotive,  and  therefore,  I 
think  it  would  be  in  order  if  he  would  make  a  few 
statements  relative  to  this  feature. 

L.  J.  Hibbard:  Mr.  Dodd,  in  describing  his  loco- 
motive, mentioned  the  fact  that  each  main  motor  had 
a  separate  blower  motor.  I  would  like  to  have  Mm 
tell  me  what  type  of  motor  they  use  for  running  each 
separate  blower,  and  if  they  expect  to  have  any  trouble 
on  these  separate  blower  motors. 

Calvert  To wnley :  If  I  may,  I  would  like  to 
emphasize  the  remarks  brought  out  by  the  next  to  the 
last  speaker.  It  is  well  known,  that  every  electri- 
fication of  steam  railroads  has  been  successful.  We 
have  now  been  electrifying  roads  for  a  number  of  years 
with  different  types  of  locomotives.  Some  of  them 
are  more  efficient  than  others,  some  have  lower  main- 
tenance cost  than  others,  they  vary  in  degrees  of 
success,  but  everyone  of  them  has  been  successful, 
and  as  a  matter  of  fact,  notwithstanding  the  large 
number  of  types  which  have  been  put  into  use,  there  are 
not  anything  like  as  many  electric  locomotive  types 
as  there  are  standard  steam  locomotive  types,  and  the 
railroads,  accustomed  as  they  are  to  dealing  with 
steam  locomotives,  do  not  think  anything  of  having:  a 
large  number  of  different  types  of  steam  locomotive 
on  their  lines  for  use  for  different  purposes. 

In  much  of  our  discussion  of  this  subject,  we  ai^e 
about  the  value  of  respective  locomotives,  and  we  are 
in  danger  of  giving  our  steam  railroad  friends  the  idea 
that  the  electric  locomotive  development  is  doubtful, 
that  we  are  not  sure  of  ourselves,  and  that  perhaps 
they  had  better  wait  a  while  and  see  what  happens — 
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that  is  the  attitude  they  are  likely  to  take  under  such 
circumstances. 

Of  the  two  locomotives  described  tonight,  one 
will  perhaps  show  a  better  eflSciency  than  the  other, 
one  may  show  a  lower  cost  of  maintenance  than  the 
other,  but  I  feel  sure  that  each  of  them  will  do  the  work 
of  the  Chicago,  Milwaukee  and  St.  Paul  Railway,  to 
the  satisfaction  of  the  railroad  company.  My  reason 
for  speaking  in  this  way  is  not  to  discourage  discussion, 
I  hope  the  discussion  will  bring  out  every  feature  of 
possible  advantage — but  I  think  we  should  emphasize 
the  imiform  success  which  has  attended  all  electrifi- 
cation. Do  not  let  the  steam  railroad  people  think  we 
are  not  sure  of  ourselves. 

If  the  electrification  of  steam  railroads,  ever  gets 
started,  it  will  call  for  so  great  a  nimiber  of  locomotives, 
and  so  rapidly  that  if  all  the  existing  facilities  of  the 
different  companies,  be  devoted  to  that  purpose,  they 
will  be  nowhere  near  sufficient.  Therefore,  it  is  per- 
haps well  that  they  do  not  go  too  fast.  No  steam 
railroad  man  with  an  electrified  section,  would  now 
consider  going  back  to  steam,  even  though  from  our 
view  point  he  may  have  been  most  reactionary,  and 
looked  askance  at  the  electrified  part  of  his  lines. 
After  he  has  become  familiar  with  the  electrified 
system,  he  recognizes  its  many  advantages,  tremen- 
dously increased  traction,  grater  speed  improved 
traffic  possibilities  and  other  incidental  advantages 
which  the  electric  locomotive  affords  to  an  extent  not 
practical  with  the  steam  locomotive.  The  poorest 
electric  locomotive  compared  with  the  best  steam 
locomotive  easily  exhibits  a  decided  margin  in  its 
favor. 

CM.  Davis:  I  ask  Mr.  Storer,  to  explain  the  detail 
of  the  exciting  motor  on  the  leading  truck.  As  I 
understand  it,  this  motor  is  geared  to  the  truck  axle  in 
much  the  same  way  that  the  ordinary  railway  motor 
is  geared — ^^this  being  the  case,  the  gearing,  of  course, 
works  just  the  reverse  to  what  it  does  in  the  case  of 
the  railway  motor,  when  the  motor  is  used  to  drive  the 
car,  that  is,  a  large  gear  in  this  case  is  driven  by  small 
pinions. 

I  should  like  to  have  brought  out  the  method  of 
accomplishing  this  gearing,  whether  springs  are  used  to 
soften  blows  on  the  teeth  when  running  at  high  speeds, 
60  miles  an  hour,  or  what  provision  is  made  for  taking 
care  of  that  particular  feature. 

S.  T.  Dodd:  Mr.  Hayes  asked  about  some  leads 
shown  in  one  of  the  illustrations.  The  leads  were 
temporary  only.    The  picture  was  taken  before  com- 
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pletion  of  the  cab  and  was  used  by  me  to  show  the 
location  of  apparatus  before  installation  of  the  out- 
side part  of  the  cab. 

Another  question  was  asked  as  to  service  capacity. 
I  can  only  say  that  the  motors  have  ample  capacity 
to  perform  the  service  specified  by  the  railroad  com- 
pany and  outlined  in  the  paper. 

Mr.  Ferris  asked  about  the  possibility  of  snow 
troubles.  There  will  be  no  trouble  on  this  score  as 
we  know  from  our  experience  with  the  New  York 
Central  gearless  locomotives.  If  I  had  been  prepared 
for  such  a  question,  I  could  have  shown  pictures  of 
electric  locomotives  running  through  snow  piled  up 
to  the  windows.  Possibly  he  misimderstands  the 
construction  of  the  gearless  motors  and  thinks  they 
are  entirely  unprotected.  As  a  matter  of  fact,  there 
are  protecting  sheets  under  the  armatures  and  across 
the  ends  so  that  the  armatures  are  practically  as  well 
protected  from  weather  as  in  the  ordinary  railway 
motor.  You  know  that  with  modern  insulation  we 
have  very  little  trouble  in  that  respect  from  railway 
motors. 

Mr.  Candy  has  referred  to  the  complexity  of  the 
electric  locomotives.  The  question  of  complexity 
of  any  mechanism  depends  largely  on  the  amoimt  of 
analysis  to  which  you  subject  it.  A  steam  locomotive 
is  a  complex  piece  of  apparatus  if  you  go  into  a  care- 
ful analysis  of  all  its  features  from  the  chemical  com- 
position of  the  coal  to  the  output  at  the  drivers.  I 
am  afraid  that  electrical  engineers  too  often  look  at 
problems  from  the  electrical  standpoint  and  do  not 
pay  sufficient  attention  to  the  mechanical  standpoint. 
We  build  locomotives  to  do  service  and  that  is  what 
we  should  keep  in  mind  rather  than  the  details  that 
go  to  make  up  the  final  combination.  Maintenance 
of  equipment  tells  the  whole  story,  and  in  that  respect 
the  electric  locomotive  has  a  record  of  which  to  be 
proud. 

The  question  has  been  raised  as  to  the  center  of 
gravity  of  these  locomotives.  The  center  of  gravity 
of  the  locomotive  as  a  whole  is  57  in.  above  the  rail 
head.  In  the  first  place,  I  wish  to  point  out  that  the 
location  of  the  motor  is  not  the  only  thing  that  determines 
the  height  of  center  of  gravity.  The  weight  of  draw- 
bar and  couplers,  the  end  and  side  frame  castings,  the 
cab  construction  and  other  mechanical  features  fix 
the  height  within  rather  narrow  limits  and  the  loca- 
tion of  the  motors  is  of  secondary  importance.  In 
the  second  place  the  location  of  the  center  of  gravity 
has  very  little  to  do  with  the  riding  qualities  of  a 
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double  ended  locomotive.  With  such  a  locomotive 
equipped  with  guiding  trucks  at  each  end,  the  loco- 
motive is  steered  by  these  guiding  trucks  and  the 
thrust  against  the  rails  is  determined  by  the  construc- 
tion of  those  trucks  rather  than  by  the  location  of 
the  center  of  gravity  of  the  main  body  of  the  locomo- 
tive. This  is  the  reason  that  in  my  paper  I  empha- 
sized the  construction  of  the  leading  and  trailing  ends 
of  the  locomotive.  I  wished  to  show  the  precautions 
we  had  taken  to  cushion  the  track  thrust  when  run- 
ning at  high  speeds. 
Two  very  different  types  of  locomotives  have  been 

K resented  tonight.  It  is  a  source  of  congratulation 
oth  for  the  users  and  manufacturers  of  electric  loco- 
motives that  such  should  be  the  case.  In  the  United 
States  at  the  present  time  there  are  only  about  350 
electric  locomotives  in  service  on  steam  roads.  If 
we  include  the  trolley  roads  there  may  be  700  electric 
locomotives  in  service.  At  the  same  time  there  are 
63,000  steam  locomotives  in  service.  We  are  just 
beginning  to  touch  the  job  of  the  construction  and 
application  of  electric  equipment  to  the  transporta- 
tion problem.  The  sooner  we  learn  how  to  build  locomo- 
tives which  will  meet  all  the  conditions  of  service,  the 
better  it  will  be  for  all  of  us,  and  I  agree  with  Mr. 
Storer  that  it  is  a  splendid  thing  for  all  of  us  to  ob- 
tain this  experience  and  find  out  the  lines  along  which 
we  must  progress  because  the  big  developments  are 
still  ahead  of  us. 

N.  W.  Storer:  While  appreciating  very  much  the 
discussions  we  have  had  tonight,  I  regret  very  much 
that  some  of  the  steam  railway  engineers  who  are 
present  did  not  take  part  in  it.  It  is  all  very  well  for 
electrical  engineers  to  discuss  electric  locomotives  and 
to  extol  their  virtues,  but  we  need  the  side  lights  that 
the  railway  engineers  can  throw  on  the  subject. 

Mr.  Townley  made  an  excellent  point  in  bringing 
to  our  attention  the  fact  that  the  electric  locomotives 
that  have  been  built  have  all  done  their  work  better 
than  any  steam  locomotives  that  have  been  put  on  the 
road.     We  should  keep  that  fact  in  mind. 

In  the  few  remarks  I  made  to  draw  out  Mr.  Dodd, 
I  had  no  intention  to  disparage  the  gearless  type  of 
locomotive.  I  am  more  than  happy  to  have  that 
locomotive  built,  and  also  one  of  our  own  manufacture, 
which  is  so  absolutely  different,  and  to  have  them  both 
tried  out  on  the  same  road.  It  makes  little  difference 
which  one  does  the  work  the  best.  It  is  going  to  be 
to  the  advantage  of  the  electric  railway  industry  to 
have  all  types  of  locomotives  thoroughly  tested  out. 
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in  order  that  the  best  ones  may  finally  be  determined. 
We  are  very  glad  that  the  two  types  are  to  be  operating 
side  by  side,  and  if  the  low  friction  losses  in  the  gear- 
less  type  of  locomotive,  and  the  absence  of  gears  and 
other  connections  between  the  armatures  and  the 
axles,  are  sufficient  to  over-balance  some  of  the  other 
features  which  are  not  so  desirable  and  which  need  not 
be  mentioned  by  me,  it  may  solve  some  of  the  dif- 
ficulties in  connection  with  electric  locomotives,  one 
of  the  greatest  of  which  is  the  transmission  of  the  tor- 
que of  the  motor  to  the  driving  wheels. 

I  agree  very  largely  with  what  Mr.  Dodd  has  said 
about  the  kick  of  the  locomotive  and  about  the  roll- 
ing of  the  cab  with  the  weight  up  high.  There  is 
no  question  about  it,  where  the  cab  weight  is  up  high, 
as  it  is  in  our  locomotive,  it  steers  a  straight  course 
regardless  of  variations  in  the  road-bed.  It  is  cer- 
tainly easier  on  the  road-bed  to  have  the  weight  high 
than  it  is  to  have  it  down  close  to  the  track. 

Mr.  Davis  has  asked  a  question  about  the  per- 
formance of  the  little  axle-driven  generator.  As 
pointed  out  in  the  paper,  this  is  geared  directly  to  the 
axle  like  an  ordinary  interurban  motor,  and  is  about 
the  same  size.  The  output  of  the  generator  is  never 
more  than  25  to  30  kw.,  so  that  the  duty  on  the  gears 
is  very  limited  and  no  special  provision  has  been  made 
to  avoid  vibration.  We  do  not  anticipate  any  trouble 
from  it. 
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THE  very  great  increase  in  the  demand  for  nitrates 
during  the  war  for  the  manufacture  of  eicplosives 
and  fertilizers,  together  with  the  shortage  of 
imported  Chile  saltpeter,  which  was  the  principal 
source  of  nitrates  before  the  war,  has  been  emphasized 
sufficiently  in  previous  papers.  This  condition  of 
increased  demand  and  curtailed  supply  led  not  only  to 
the  establishment  of  many  manufacturing  plants  for 
the  production  of  nitrates  by  well-known  methods, 
but  also  to  laboratory  research  and  commercial  de- 
velopment in  connection  with  promising  new  processes. 
Such  a  process,  for  obtaining  nitric  acid  from  the  air 
by  means  of  the  silent  electric  or  cordha  discharge  at 
high  voltage,  has  been  investigated  throughout  a 
period  of  several  years  at  Purdue  University  under  the 
auspices  of  the  Engineering  Experiment  Station  of 
that  institution.  Improvements  in  the  yield,  re- 
sulting from  a  given  input  of  electrical  energy,  are 
being  made  quite  frequently  as  the  investigation  pro- 
gresses and  many  of  the  peculiarities  of  both  electrical 
and  chemical  reactions  of  the  oxides  of  nitrogen,  com- 
bined with  ozone,  are  being  disclosed  as  phenomena 
incidental  to  the  process  under  consideration.  It  has, 
nevertheless,  been  considered  advisable  to  present,  as 
a  progress  report,  the  results  obtained  thus  far  in 
order  that,  in  the  spirit  of  co-operative  research,  dis- 
cussions and  suggestions  of  value  will  result  which  in 
turn  will  hasten  the  development  of  the  process,    With 
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this  object  in  view,  the  results  of  the  investigation  being 
carried  on  at  Purdue  University  are  presented  in  this 
paper. 

It  is  well  to  point  out  at  first  the  distinction  between 
the  process  herein  described  and  the  arc  method  of 
nitrogen  fixation.  In  the  former,  air  is  passed  through 
an  electro-static  field  of  such  intensity  that  marked 
corona  and  some  static  sparks  are  produced,  but  no 
power  arc  is  established  and  the  temperature  is  in- 
creased but  slightly  above  that  of  the  incoming  air. 
While  the  arc  process  of  nitrogen  fixation  is  dependent 
principally  upon  the  very  high  temperature  of  the 
power  arc,  the  silent  discharge  reaction  is  the  result 
of  electrical  ionization  of  the  air  at  a  relatively  low 
temperature. 

The  fact  that  electro-static  brush  discharges  and 
sparks  will  produce,  in  a  confined  volume  of  air,  various 
oxides  of  nitrogen  and  ozone,  has  been  known  for  many 
years.  Oxidation  of  these  lower  oxides  of  nitrogen  by 
an  excess  of  ozone  results  in  nitrogen  pentoxide,  Nj  0&. 
This  gas,  when  absorbed  in  water,  produces  •  nitric 
acid  from  which  the  desired  nitrates  may  readily  be 
formed. 

Earlier  Investigations 

The  investigation,  to  which  this  paper  forms  an 
introduction,  was  the  result  of  the  translation  from  the 
German,  by  Messrs.  G.  N.  Unger,  G.  W.  Payne  and 
F.  S.  Weimer,  of  an  article  entitled,  "The  Formation 
of  Nitric  Oxides  by  the  Silent  Electric  Discharge  in 
a  Siemen's  Tube."  The  latter  was  submitted  by 
Hugo  Spiel  for  a  doctor's  degree  at  The  Technical 
High  School,  Vienna,  in  1909.  Spiel  gives  credit  for 
the  first  publication  of  the  effect  of  this  silent  electric 
discharge  upon  air  as  follows : 

The  first  observations  of  the  silent  electrio  dischargee  in 
literature  appeared  about  1870,  following  the  work  of  Andrew, 
Hauzau,  Jean,  Thcnard  and  Boillit,  with  ozone  and  nitrio  acid. 
It  concerned  the  decomposition  of  carbonic  acid  and  turned 
the  general  interest  to  the  chemical  effect  of  the  electrio  dis- 
charge in  gases.  In  1873  the  French  physicist,  Monoel,  pub- 
lished a  work  entitled,  "Concerning  the  Condensed  Disoharge 
of  the  Induction  Coil,"  in  which  he  claimed  to  have  discovered 
xhe  above  phenomena  in  1853. 
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Following  a  review  of  the  previous  work  done  by 
others  upon  the  problem,  Spiel  described  a  series  of 
laboratory  research  investigations  performed  by  him 
upon  fixed  volumes  of  air  and  various  artificial  nitrogen- 
oxygen  mixtures.  Spiel's  apparatus  consisted  of  a 
small  glass  or  quartz  Siemen's  tube,  using  acidified 
water  electrodes  upon  either  side  of  an  annular  air 
space  of  only  3  mm.  thickness.  The  electro-static 
discharge,  within  this  space,  was  produced  by  an  in- 
duction coil  and  condenser  having  a  sparking  distance 
of  40  cm.,  and  a  frequency  of  approximately  40  cycles 
per  second. 

As  a  result  of  the  exposure  of  a  confined  volume  of 
air  to  the  electro-static  discharge,  at  different  pres- 
sures and  voltages,  Spiel  noted  during  a  single  test; 
first,  a  decrease  in  pressure  and  later,  at  the  minimum 
pressure,  a  reversal  of  the  reaction.  This  reversal 
was  indicated  by  the  presence  of  brown  fumes  of  N  O2. 
If  the  electric  discharge  was  continued  beyond  this 
point,  the  pressure  increased  to  the  initial,  or  to  a 
greater  pressure,  when  equilibrium  was  established. 

The  conclusions  reached  by  Spiel  have  been  sum- 
marized in  the  appendix  of  this  paper,  because  of  the 
bearing  they  have  upon  this  investigation  and  the 
inaccessibility  of  the  original  article. 

Early  Investigations  at  Purdue  University 

In  planning  a  further  investigation  of  this  process,^ 
it  was  decided  that  although  the  work  must  necessarily 
be  performed  with  laboratory  apparatus  upon  a  com- 
paratively small  scale,  when  contrasted  with  commer- 
cial arc  plants,  the  equipment  should  be  designed  and 
constructed  in  such  a  way  as  to  provide  for  a  con- 
tinuous flow  of  air  through  the  electric  field.  There 
is  no  reason  apparent,  therefore,  to  prevent  the  con- 
struction and  continuous  operation  of  a  commercial 
plant  based  upon  the  same  principle. 

To  produce  the  so-called  "silent  electric  discharge" 
in  a  column  of  air,  it  is,  of  course,  necessary  to  apply 


1.  Thesis  entitled  *'The  Fixation  of  Atmospheric  Nitrogen  by 
the  Silent  Electric  Discharge  at  High  Voltage,"  1917  by  G.W. 
Payne,  O.  N.  Unger  and  F.  S.  Weimer. 
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an  electric  potential  between  conducting  plates  or 
concentric  pipes,  Fig.  1,  sufficient  in  magnitude  to 
exceed  the  dielectric  strength  of  air  under  the  particu- 
lar pressure  at  which  such  air  is  being  forced  through 
the  apparatus,  i.  e.,  the  potential  gradient  must  be 
such  that  the  molecules  of  the  air  are  torn  apart  into 
ions  and  neutral  atoms  which  may  reunite  in  new 
combinations.  Such  ionized  air  is  a  comparatively 
good  conductor  of  electricity  and  unless  special  pre- 
cautions are  taken  in  the  design  of  the  tube,  a  power  arc 
will  result  at  one  point  and  the  potential  will  be  lowered 
at  other  points  in  the  field,  thus  eliminating  the  reaction. 


Aluminum 

ORCtLAIN 


Fig.  1 — Elevation  op  Corona' Chamber 

Original  Apparatus.  The  apparatus  used  in  this 
first  investigation  is  illustrated  in  Fig.  2.  Following 
the  passage  of  the  air  from  the  compressor  on  the  left 
through  air  chamber,  meter  and  drying  apparatus 
in  sequence,  it  passes  into  the  discharge  tube.  This 
consists  of  a  vertical  aluminum  tube  37.8  in.  (96  cm.) 
in  length  and  2.91  in.  (7.4  cm.)  internal  diameter, 
inside  of  which  was  mounted  concentrically  a  glass 
tube  of  slightly  greater  length,  2.5  in.  (6.35  cm.)  dia- 
meter and  0.125  in.  (0.318  cm.)  thickness.  This 
glass  tube  provides  the  barrier  of  higher  dielectric 
strength  than  air  to  prevent  the  arc  from  forming. 
The  potential  is  applied  between  a  coaxial  aluminum 
rod  of  0.625  in.  (1.59  cm.)  diameter  and  the  outer 
aluminum  tube.  The  air  passes  upward  between  the 
glass  and  aluminum  tube,  and  thence  the  gases  pass 
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downward  between  the  central  rod  and  the  glass  tube, 
emerging  from  the  bottom  into  the  mixing  chamber. 
Receptacles  are  provided  at  the  right  with  glass  beads 
and  distilled  water  or  a  solution  of  A^/10' potassium 
hydroxide  (KOH)for  the  fine  subdivision  and  ab- 
sorption of  the  gases.  Traps  are  placed  upon  dther 
side  of  the  drying  bottles  to  prevent  the  sulphuric 
acid,    (H1SO4)  which  is  used  as    the    drying    agent, 


Fig.  2 — Oriqinal  Apparatus 


from  being  carried  into  the  meter  or  discharge  tube. 
A  similar  trap  is  located  between  the  mixing  chamber 
and  absorption  apparatus  to  prevent  the  absorption 
water  from  being  forced  back  into  the  mixing  chamber. 
Manometers  and  thermometers  are  installed,  as 
indicated  in  the  figure,  for  the  purpose  of  determining 
pressures  and  temperatures  of  entering  air  and  effluent 
gases,  respectively. 
Power  MeasuremeiU.    A  potential  in  the  neighbor- 
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hood  of  30  kilovolts,  alternating  at  a  frequency  of  60 
cycles,  was  furnished  by  a  200-kilovolt,  50-kv-a., 
air-cooled  transformer.  The  tertiary  coil  of  this  trans- 
former, whose  potential  was  calibrated  against  the 
A.  I.  E.  E.  standard  sphere  gap  in  the  secondary  cir- 
cuit, provided  a  convenient  means  of  reading  voltage. 
The  potential  terminals  of  the  wattmeter  were  also 
connected  to  the  tertiary  coil.  An  ammeter  and  the 
current  coil  of  a  wattmeter  were  connected,  as  in- 
dicated in  the  figure,  between  the  neutral  point  of  the 
transformer  winding  and  ground.  Only  one  side  of 
the  transformer  was  used  to  supply  the  potential  to  the 
discharge  tube.  Protective  film  cut-outs,  connected 
around  the  meters,  prevented  accident  in  case  the 
ground  wires  of  the  meters  or  tube  should  become 
disconnected.  A  Rowland  dynamometer,  calibrated 
over  a  wide  range  of  power  factor  as  a  wattmeter,  was 
used  in  these  early  tests  for  measuring  the  power 
input  to  the  discharge  tube.  The  difference  between 
the  readings  of  this  dynamometer,  with  and  without 
the  tube  connection,  provided  a  measure  of  the  net 
power  supplied  to  the  tube,  quite  apart  from  any 
transformer  or  corona  losses  on  connecting  bus  bars. 
This  method  of  power  measurement  is  the  same  as  that 
used  in  determining  corona  loss  on  transmission  lines 
previously  reported  to  the  Institute.^ 

With  the  methods  of  gas  absorption  and  power 
measurement  outlined,  it  was  a  comparatively  simple 
matter  to  titrate  the  nitric  acid  formed  or  determine 
the  amount  of  alkali  neutralized  thereby  per  kw-hr. 
of  energy  expended. 

Conclusions  of  Original  Investigation.  The  results 
of  three  (3)  tests  by  Messrs.  linger,  Payne,  and  Weimer 
are  listed  in  Table  I. 

A  study  of  Table  I  indicates  that  thus  far  the  yield 
by  the  silent  discharge  method  is  very  much  smaller 
than  those  of  the  arc  processes.  Some  of  the  con- 
clusions derived  from  the  investigation  as  indicated 
seemed  however,  to  warrant  further  research  along 
similar  lines. 


2.  "Corona  Losst's  hotwoeu  Wires  at  High  Voltages,"  C.  Francis 
Harding.  Transactions  A.  I.  E.  E.  Vol.  XXXI  (1912).  page  1035. 
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1.  The  reaction  is  not  necessarily  a  thermal  one, 
but  nitrogen  pentoxide  (N2  Os)  is  formed  at  low  tem- 
peratures by  the  action  of  the  corona  at  high  voltages. 

2.  Although  this  reaction  is  accompanied  by  much 
free  ozone  (O3),  the  lower  oxides  of  nitrogen,  so  ob- 
jectionable in  the  arc  process,  are  apparently  not  pres- 
ent to  any  great  extent,  except  in  case  of  reversal  of 
the  reaction. 

3.  Since  the  effluent  gases  consist  principally  of  a 
mixture  of  nitrogen  pentoxide  (N2  Ob),  ozone  (Oj)  and 
air,  the  absorption  is  more  readily  accomplished  than 
with  the  arc  process. 

TABLE  I. 
NITRIC  ACID  YIELDS. 


Test 

Grams  HNO3 
per  kw-hr. 

No.  1 
2 
3 

4.17 
2.56 
5.55 

4.  The  gases  emerge  at  comparatively  low  tempera- 
tures. Little  energy  is  therefore  carried  away  in  the 
form  of  heat  and  no  apparatus  is  needed  to  make 
efficient  use  of  this  heat  energy. 

5.  The  process  is  a  continuous  one  and,  as  such,  is 
more  adaptable  to  commercialization  than  previous 
investigations  of  the  silent  discharge  process  which 
have  been  limited  to  a  single  confined  volume  of  air. 

Improved  Apparatus 

Encouraged  by  the  possibilities  of  this  process,  in 
spite  of  the  relatively  low  yields  available  thus  far,  the 
work  was  taken  over  upon  a  larger  scale  by  the  Eng- 
ineering Experiment  Station  with  the  assistance  of 
Messrs.  H.  W.  Asire,  S.  S.  Green  and  H.  C.  Thuerk.' 

Apparatus  operating  upon  the  same  principle,  but 
much  larger  and  more  commercial  in  design,  was  con- 
structed as  indicated  in  Fig.  3. 


3.  Thesis  entitled  "The  Fixation  of  Atmospheric  Nitrogen  by 
the  Silent  Electric  Discharge  Method/'  1918  by  H.  C.  Thuerk 
and  S.  S.  Green. 
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The  corona  discharge  takes  place  inside  an  aluminum 
tube  five  feet  {1.52  m.)  long  and  six  inches  (15.2  cm.) 
in  diameter,  mounted  in  a  vertical  position,  the  lower 
end  being  about  IS  inches  (45.7  cm.)  from  the  floor. 
A  5/8-inch  (1.59-cm.)  aluminum  rod  is  placed  on  the 
axis  of  the  tube  and  extends  IS  inches  (46.7  cm.) 


Fio.  3— Diacii, 

s  — Wrought  Inin  casing. 

b. — AlumlQum  lining.  d. — Atumlnum  eiratrode. 

above  the  end  of  the  tube.  The  lower  end  of  the  rod 
is  screwed  into  the  end  of  a  ?-^-inch  (1,27 -cm.)  bakelite 
tube  15  inches  (38.1  cm.)  in  length.  A  perforated 
bakelite  disk,  about  four  inches  (10,2  cm.)  in  diameter, 
is  arranged  so  that  it  may  be  screwed  onto  the  outside 
of  the  bakelite  tube.  This  disk  furnishes  the  support 
for  a  glazed  porcelain  tube  of  three  inches  (7.62  cm.) 
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inside  diameter  and  ^  inch  (1.27  cm.)  thickness,  the 
upper  end  of  which  projects  beyond  the  end  of  the 
aliiminnm  tube,  but  not  as  high  as  the  aluminum  rod. 
The  top  of  the  tube  is  closed  with  a  bakelite  cap  placed 
over  the  end  of  the  porcelain  tube.  A  collar,  also  of 
bakelite,  is  inserted  between  the  aluminum  and  the 
porcelain  tubes.  The  joints  between  the  porcelain 
and  the  bakelite  are  sealed  with  a  rosin,  beeswax  and 
sealing  wax  compound,  which  is  not  appreciably  af- 
fected by  the  gases.  The  bottom  of  the  tube  is  sealed 
with  a  piece  of  thick  plate  glass,  through  the  middle 
of  which  the  bakelite  tube  is  passed.  By  the  use  of 
a  mirror,  placed  on  the  floor  at  the  proper  angle,  a 
view  of  the  inside  of  the  tube  is  afforded. 

Surrounding  the  aluminxmi  tube  is  a  length  of 
wrought  iron  pipe,  haying  flanges  screwed  on  either 
end  in  such  a  way  that  the  bakelite  collar  at  the  top 
and  the  plate  glass  at  the  bottom  may  be  clamped 
securely. 

In  order  that  the  temperature  of  the  tube  may  be 
raised  at  will,  a  heating  element,  consisting  of  several 
hundred  feet  of  iron  wire,  is  provided.  The  heating 
element,  wrought  iron  pipe  and  flanges  are  covered 
with  a  magnesia  covering  which  decreases  the  radiation. 

Air  enters  the  tube  near  the  top,  and  passes  down- 
ward between  the  aluminimi  and  porcelain  tubes, 
through  the  holes  in  the  bakelite  disk  and  up  through 
the  inside  of  the  porcelain  tube,  exhausting  through 
a  bakelite  tube  screwed  into  the  cap  over  the  end  of  the 
porcelain.    The  path  of  the  air  is  shown  in  Fig.  4. 

A  mercury  manometer,  connected  to  the  inlet  pipe, 
indicates  the  relative  pressure  in  the  discharge  tube. 
The  temperatures  of  the  incoming  and  outgoing  gases 
are  measured  by  alcohol  thermometers  whose  bulbs 
are  in  actual  contact  with  the  gases.  Mercury  thermo- 
meters were  not  used  on  account  of  the  breaking  up  of 
the  mercury  column  due  to  the  static  charges  formed. 
The  mercury  is  also  a  conductor  which  is,  of  course,  a 
serious  disadvantage,  and  makes  their  use  unsatis- 
factory. 

The  aluminimi  rod  is  connected  to  the  high-tension 
transformer,  while  tjie  outer  iron  casing  is  grounded. 
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With  from  50  to  60  kv.  impressed  on  the  discharge 
tube,  the  space  both  inside  and  outdde  of  the  porce- 
lain tube  may  be  filled  with  corona  discharge. 

Absorption  Apparatva.  The  absorption  apparatus 
consists  of  an  absorbing  chamber,  separator  and  pre- 
cipitator. This  apparatus  will  be  more  easily  under- 
stood by  reference  to  Fig.  5. 


) 


Fic.  4 — Path  of  Air  in  Discbaroe  Tube 


The  gases,  leaving  the  discharge  tube,  bubble  through 
a  solution  of  sodium  hydroxide  (NaOH)  of  known 
strength,  contained  in  the  absorption  chamber.  The 
bubbles  of  gas  are  made  to  come  into  contact  with  quite 
a  large  wetted  surface  as  the  chamber  is  partially 
filled  with-  very  short  lengths  of  small  glass  tubing. 
The  use  of  the  tubing  makes  possible  relatively  high 
air  velocities  with  but  little  back  pressure.  The 
absorbing  liquid  is  titrated  both  before  and  after  the 
run,  in  order  to  ascertain  the  amount  of'  HNOi 
absorbed. 
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At  certain  air  velocities,  a  fog  is  formed  over  the 
absorbing  liquid  and,  in  order  to  recover  the  add 
carried  with  it,  a  separator.  Fig.  5,  working  on  the 
principle  of  the  steam  separator,  is  connected  in  series 
with  the  absorption  chamber.  In  this  separator  the 
gas  is  forced  to  turn  through  an  angle  of  180  deg., 
while  moving  at  a  high  velocity  with  the  result  that  the 
heavier  particles  are  thrown  down,  and  collected  in 
the  bottom  of  the  chamber. 

From  the  separator,  the  gases  pass  to  the  pre- 
cipitator. Fig.  5,  in  order  that  the  finer  particles  of 
fog  may  be  collected.  This  device  is  patterned  after 
that  of  Cotrell.  A  glass  tube,  about  1}/^  inches 
(3.81  cm.)  in  diameter  and  23  inches  (58.4  cm.)  in 
length,  is  coated  with  tinfoil  up  to  within  about  six 
inches  (15.2  cm.)  of  either  end.  The  air  passes  in 
and  out  through  the  two  side  outlets  blown  in  the  glass 
near  either  end.  A  small  (1/16-inch  (1.69-mm.) 
diameter)  aluminum  wire,  threaded  throughout  its 
entire  length,  is  sealed  into  two  small  glass  tubes  about 
four  inches  (10.2  cm.)  in  length,  which  in  turn  are 
sealed  into  either  end  of  the  precipitator  tube.  Thus, 
quite  a  long  creepage  distance  is  secured,  which  is 
necessary  when  the  surfaces  become  wet  with  nitric 
acid.  This  tube  is  operated  with  an  induction  coil 
giving  a  one-half  inch  (1.27  cm.)  spark  between  needle 
points. 

With  the  induction  coil  connected  to  the  precipi- 
tator in  such  a  way  that  the  larger  lobe  of  the  wave 
is  impressed  on  the  threaded  wire,  the  tube  seems  to 
work  well.  The  smaller  lobe  is  more  or  less  excluded 
by  point  plate  action. 

Air  Control.  A  small  piston  air  pump  is  connected 
to  a  system  of  valves,  in  such  a  way  that  the  dis- 
charge tube  may  be  operated  under  pressures  above  or 
below  the  atmosphere,  by  a  simple  manipulation 
of  the  valves.  The  valves  are  provided  with  a  pointer 
and  dial,  so  that  settings  may  be  duplicated  at  any  time. 
The  fluctuations  due  to  the  pump  are  smoothed  out 
by  the  use  of  an  air  tank,  whether  the  S3rstem  is  work- 
ing under  pressure  or  vacuum.  The  air  pump  is 
driven  by  a  d-c.  motor,  arranged  with  armature  con- 
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trol  of  the  speed.  A  voltmeter  is  connected  across 
the  armature  circuit  to  act  as  an  indicator  of  the  motor 
speed. 

Air  leaving  the  pump  bubbles  through  sulphuric 
acid,  contained  in  two  chambers  in  series,  and  then 
passes  on  through  a  tube  containing  soda  lime.  By 
this  process  the  air  is  rendered  practically  free  from 
moisture  and  carbon  dioxide. 

A  special  gas  meter,  having  a  capacity  of  100  cu.  ft., 


Fig.  6— Experimental  Apparatus 

(28.32  liters)  is  connected  to  a  settling  chamber  through 
which  the  air  passes  after  leaving  the  soda  lime  chamber. 
By  use  of  the  large  dial  with  which  the  meter  is  pro- 
vided, readings  are  possible  to  one  one-hundredth 
(0.01)  of  a  cu.  ft.  (0.283  liter).  The  temperature 
and  pressure  of  the  air  at  the  air  meter  are  measured 
because  the  air  meter  is  not  capable  of  withstanding 
all  of  the  pressures  used  in  the  discharge  tube. 

Upon  leaving  the  air  meter,  the  air  passes  through 
an  air  heater,  where  its  temperature  may  be  raised  as 
much  as  required.  This  heater  consists  of  a  long  tube, 
heated  by  ten  gas  burners,  properly  insulated  to  pre- 
vent excessive  radiation.  In  some  of  the  earlier  work, 
the  heater  was  used  in  conjunction  with  the  heating 
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element  on  the  discharge  tube  to  hold  a|constant  tem- 
perature. It  was  found  however,  after  several  trials, 
that  small  temperature  changes  did  not  seem  to  affect 
the  yields  materially,  and  as  a  result  all  of  the  tests 
recorded  in  this  paper  were  made  at  room  tanperature. 


a  or  C0NNECT10K8 


This  was  of  course  held  as  nearly  constant  as  possible. 
It  is  planned  to  make  a  set  of  runs  in  which  the  tempw- 
ature  will  be  made  the  independent  variable.  Upon 
leaving  the  gas  heater  the  air  passes  through  a  valve, 
used  for  regulating  the  tube  pressure,  and  then  enters 
the  discharge  tube. 

Power  Measurement.  The  high-tension  winding  of 
the  transformer  was  grounded  at  its  neutral  point. 
The  other  terminals  were  connected  to  high-tension 


19201  HARDING  AND  MeEACHRON  776 

buses.  Each  half  of  the  secondary  may  be  operated 
UP  to  100  kv.  The  excitation  for  the  transformer  is 
furnished  by  an  alternator  which  gives  practically 
a  sine  wave. 

A  test  table  has  been  arranged,  equipped  with  various 
meters  and  rheostats.    On    this  table,  switching  ar- , 
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rangements,  Fig.  7,  are  provided  so  that  the  current 
in  either  circuit,  i.  e.  from  transformer  to  ground  or, 
from  discharge  tube  to  ground,  may  be  read  on  the 
same  milliammeter.    These  currents  differ  because  of 
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the  capacity  of  the  transformer  coils  to  ground,  and 
also  because  of  the  actual  electrostatic  leakage  oc- 
curring in  the  transformer. 

A  special  low-reading  wattmeter,  whose  potential 
coil  is  connected  to  the  tertiary  coil  on  the  trans- 
former, has  its  current  coil  in  series  mt!a  \i!cie  TnCCaaxo.- 
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meter  in  order  that  readings  of  watts  in  tube  circuit 
and  transformer  circuit  may  be  taken  independently. 
There  is  some  considerable  variation  in  the  reading 
of  the  wattmeter  in  the  two  circuits  with  varying  pres- 
sure in  the  discharge  tube.  This  variation  in  watt- 
meter readings  appears  to  be  a  function  of  the  static 
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sparks  in  the  tube,  and  is  greater  than  can  be  accounted 
for  by  capacity  effects  aione.  This  matter  will  be 
the  subject  of  future  investigation. 

Meters  were  connected  in  the  primary  circuit  of  the 
transformer  for  measuring  the  input  power.  The  net 
power  measured  from  the  primary  side  has  checked 
that  obser\-ed  on  the  secondary  side  within  10  per 
cent  in  practically  every  run  made. 

Results  of  Tests.  A  series  of  runs  at  pressures  of 
460,  560,  660,  710,  and  780  mm.  has  been  made.  The 
power  in  the  transformer  circuit  to  ground  was  held 
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constant  during  all  of  these  runs.  The  frequency 
was  60  cycles.  Each  run  was  45  minutes  in  length. 
For  each  pressure  a  series  of  runs  was  made  with  air 
velocity  as  the  variable.  Figs-  8,  9,  10,  11,  and  12 
show  the  yield  of  HNO|  per  kilowatt-hour  of  energy 
expended  in  the  tube.  The  curves  marked  "actual 
velocity"  refer  to  the  actual  velocity  of  a  particle  in 
pas^ng  through  the  discharge  tube. 


Figs.  13  and  14  show  the  relation  between  pressure 
and  yield  with  constant  air  velocity.  From  these 
curves  it  may  be  seen  that  the  yield  at  the  lower 
velocities  is  limited,  but  that  at  the  higher  velocities 
the  limit  has  not  yet  been  approached. 

From  the  equations  for  the  formation  of  nitric  acid, 
it  may  be  seen  that  the  concentration  of  N,  0^  will 
be  half  that  of  N  0  for  any  given  value  of  nitric  acid. 
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2  N  O  +  0,      =  N,  0. 
N,0»  +HjO   -2HN0, 
The  N  O  first  formed  is  ojddized  to  Nj  0»  by  the"e 
of  ozone  present  so  the  Ni  Oi  may  be  contrasted  with 
2  N  O  f or  the  same  yield  of  nitric  acid.^     >  ^ 

The  relation  between   per  cent^concratration    of 
fixed  nitrogen,  calculated  as  N  O,  velocity  and  pressure 


. 

^ 

■^ 

II 

/ 

^ 

"- 

,« 

, 

/ 

11 

// 

f 

/ 

//' 

6      7      8      9      K) 

Fio.  12—780  iiu. 


is  given  in  Figs.  15  and  16.  These  curves  show  that 
high  concentration  is  to  be  secured  at  low  velocity, 
but  as  seen  in  Figs.  13  and  14  at  the  expense  of  energy 
input.  The  concentration  curves  are  therefore  some- 
what misleading  from  a  commercial  standpoint. 
It  seems  probable  that  all  of  the  velocity-yield  nuis 
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for  the  different  pressures  should  follow  the  same 
general  form.  At  low  pressures  the  amount  of  gas 
to  be  dissolved  was  low  and  the  eflSciency  of  absorption 
higher.  At  the  higher  pressures,  with  more  gas  to 
take  up,  it  is  likely  that  the  absorption  was  incomplete. 
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especially  at  h}gh   velocities.     Data  taken  recently 
have  shown  this  to  be  the  true  condition. 

From  Fig.  12  the  highest  yield  is  seen  to  be  9.8 
grams  H  N  Oi  per  kilowatt-hour.  This  is  more  than 
double  the  average  yield  obtained  with  the  original 
apparatus.  (Table  I).  Prom  the  results  of  unfinished 
work  it  is  apparent  that  this  yield  can  be  materially 
increased  by  using  the  improved  methods  of  absorp- 
tion which  are  now  being  worked  out.    The  N  O 
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concentration  for  this  velocity  and  pressure  is  0.204  per 
cent. 

One  of  the  greatest  complications  of  this  problem 
is  the  number  of  variables  to  be  controlled.  The 
large  number  of  variables  explains  the  apparent  con- 
tradictions so  often  found  in  the  literature  of  the 
silent  discharge.  It  has  taken  considerable  time  and 
patience  to  acquire  the  ability  to  secure  suffidently 
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(fonatant  conditions  bo  that  runa  may  be  made  which 
will  check  satisfactorily.  Very  great  care  has  been 
necessary  in  making  the  various  runs  and  taking  the 
data,  to  eliminate  as  far  as  possible  personal  errors. 

Conaderable  difficulty  encountered  in  the  early 
work  was  that  of  keeping  the  joints  tight.  The 
situation  was  complicated  by  the  fact  that  rubber 
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joints  in  contact  with  ozone  are  destroyed  in  a  very 
few  minutes. 

A  beeswax,  sealing  wax,  and  rosin  compound,  which 
has  been  referred  to  before,  was  developed  for  use  in 
making  joints  and  has  given  excellent  results.  The 
proportions  by  weight  are:  Sealing  wax  3;  beeswax  2; 
ro^n  5.  The  joints  are  made  in  about  the  same 
manner  as  the  plumber  wipes  a  lead  joint. 

Ijicidental  Phenomena. — Fog.  At  certain  air  pres- 
sures and  velocities  a  white  fog  is  fonned  over  the  sur- 
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face  of  the  absorption  liquid.  In  the  low  pressing 
tests  slight  fog  is  formed,  while  at  the  higher  velocities 
no  fog  appears.  In  many  cases  the  fog  is  an  initial 
condition  disappearing  after  the  first  ten  or  fifteen 
minutes  of  operation.  As  the  pressure  is  increased 
the  fog  becomes  stronger  and  in  general  remains  longer, 
until  at  780  mm.  pressure  the  fog,  at  a  velocity  of  six 
liters  per  minute,  is  so  dense  that  it  is  not  possible  to 
see  through  three  inches  of  it.  The  fog  is  foimd  to 
contain  some  nitric  acid,  its  concentration  being  subject 
to  considerable  variation.  The  fog  formation  is  being 
investigated  further. 

Meter  and  Pressure  Variation. — ^At  certain  air  vel- 
ocities the  readings  of  all  the  meters  connected  in  the 
transformer  and  tube  circuits  and,  to  a  lesser  degree 
those  in  the  primary  circuit  show  a  cyclic  varia- 
tion. At  low  pressures  the  effect  is  very  slight,  but 
with  increasing  pressure  it  becomes  more  pronounced. 
The  greatest  variation  at  each  pressure  occurs  at  an 
actual  velocity  of  six  liters  per  minute.  At  velocities 
above  and  below  this,  the  indications  rapidly  become 
steady.  With  but  one  exception,  these  variations  do 
not  extend  over  a  period  of  more  than  40  minutes. 
In  most  cases  they  do  not  occur  after  the  first  20 
minutes  of  operation. 

When  the  variations  are  most  pronounced,  the 
manometer  connected  to  the  discharge  tube  shows  a 
disturbance  corresponding  to  that  of  the  electric  meters. 
The  frequency  seems  to  be  about  two  per  second,  al- 
though it  is  not  by  any  means  constant. 

From  the  velocity  yield  curves  given  in  Figs.  8,  9, 
10,  11,  and  12,  it  is  to  be  noticed  that  the  curves  begin 
to  flatten  out  at  about  the  critical  velocity  of  six 
liters  per  minute. 

In  the  discharge  tube,  nitrogen  pentoxide  (NjO*) 
is  being  formed,  while  at  the  same  time,  if  subjected  to 
discharge  for  too  long  a  period,  it  is  again  broken 
down.  These  two  actions  are  therefore  opposing  one 
another  and  both  are  a  function  of  time.  This  action 
may  have  some  bearing  on  the  observed  variations. 

Another  effect  which  should  be  mentioned  has  been 
termed  ''Initial  effect."    During  practically  every  run 
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made,  in  order  to  hold  the  wattmeter  deflection  con- 
stant, the  primary  voltage  had  to  be  reduced  as  the 
run  progressed.  This  average  potential  decrease  dur- 
ing runs  amounted  to  about  3  per  cent.  The  tertiary 
coil  voltage  did  not  show  as  high  a  percentage  varia- 
tion and  in  some  cases  no  change  was  noted.  Most 
of  the  observed  changes  took  place  in  the  first  fifteen 
minutes  of  operation. 

Analysis  of  Losses.  The  energy  consimiption  in  the 
discharge  tube  may  be  divided  into  four  parts. 

1 .  Warming  up  the  Material  of  the  Tube.  Using  the 
weight  of  the  iron  and  aluminum  parts  of  the  tube, 
and  the  specific  heats  of  the  metals,  an  expenditure 
of  14.14  watthours  will  be  required  per  degree  cent, 
temperature  rise. 

2.  Loss  in  the  Porcelain  Dielectric.  In  order  that 
some  idea  of  the  magnitude  of  the  dielectric  losses  in 
the  porcelain  might  be  obtained,  a  series  of  heat  runs 
on  a  regular  discharge  porcelain  tube  was  made.  The 
outside  of  the  tube  up  to  within  about  a  foot  (30.5  cm.) 
of  either  end  was  covered  with  tinfoil,  the  corona 
discharge  from  the  tinfoil  edges  being  prevented  by 
pressboard  collars  sealed  over  them.  A  snug  fitting 
metal  tube  three  inches  (7.6  cm.)  in  diameter  was 
slipped  inside  the  porcelain,  its  length  being  such  that 
the  dielectric  field  was  not  distorted  by  its  ends.  The 
tinfoil  was  grounded,  the  inner  tube  being  connected 
to  the  high-tension  supply.  Alcohol  thermometers 
placed  on  the  tube  indicated  the  temperature  of  the 
tube.  From  ciu^es  taken  during  this  test  the  power 
loss  in  the  porcelain  dielectric  will  be  of  the  order  of 
10  watts,  its  exact  value  depending  upon  the  value 
of  the  current  flowing,  in  any  particular  case.  From 
the  observed  temperatures  of  the  discharge  tube  and 
efiluent  gases  the  temperature  rise  of  the  porcelain 
is  greater  than  that  which  would  be  caused  by  its  own 
dielectric  loss.  On  account  of  this  the  energy  calcu- 
lated as  being  used  in  warming  up  the  porcelain  will 
exceed  the  value  obtained  by  test. 

5.  Heat  Carried  away  by  Discharge  Gases.  The 
amount  of  heat  carried  away  by  the  air  is  very  small, 
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being  of  the  order  of  0.20  watthour  per  1000  liters  of 
air  per  degree  cent. 

4.  Energy  used  in  the  Chemical  Reactions,  Using 
the  figures  given  by  Berthelot*  the  amount  of  energy 
required  for  the  formation  of  enough  Nj  0*  to  produce 
one  gram  of  nitric  acid  is  95.4  calories,  or  0.11  watt- 
hour.  For  the  ozone  667  calories  or  0.78  wattbours 
are  required. 

Assuming  that  the  wrought  iron  tube  and  the  alum- 
inum tube  are  at  the  same  temperature,  and  that  the 
porcelain  tube  is  at  the  temperature  of  the  discharge 
gases  the  following  energy  relations  are  secured,  based 
upon  their  respective  ^weights,  specific  heats  and  as- 
sumed temperatures. 

Metal  parts  average  rise  5.6  deg.  cent,  loss  »  79.2  watthoura 
Porcelain  tube  average  rise  9.35  deg.  cent. 

loss «  27.1  watthours 

Effluent  gases  9.35  deg.  rise — 178  liters  loss  «  0.9  wattKour 
Chemical    reactions    2.13    grams    H  N  O3 

(per  hour)    =  0.24  watthour 

0.96  grams  oKone  «  0.78  watthour 


108.2 

The  power  read  on  the  wattmeter  when  connected 
in  the  tube  circuit  was  134  watts,  leaving  a  difference 
of  25.8  watthours  to  be  accounted  for.  Some  of  this 
may  be  due  to  temperatures  existing  inside  the  dis- 
charge tube  higher  than  those  used  in  the  calculations. 
This  error  is  not  likely  to  be  very  large,  however. 

Conclusions,  This  work  is  but  well  begun,  and  no 
prediction  can  be  made  with  any  degree  of  certainty, 
yet  the  results  obtained  thus  far  are  quite  promising. 
Improved  absorption  apparatus  has  already  indicated 
that  increased  yields  may  be  expected.  The  process 
is  very  simple,  and  the  first  cost  and  maintenance  of 
a  plant  would  not  be  high.  The  difficulties  of  opera- 
tion associated  with  the  use  of  high  temperatures  are 
obviated. 

Referring  to  Anderegg's  calculations,*  based  upon  his 


4.  Smithsonian  Physical  Tables,  6th  Edition. 

5.  "The  Calculation  of  the  Efficiency  of  the  Silent  Disohargie 
Process  for  Nitrogen  Fixation,"  F.  O.  Anderegg,  Soienoe,  60, 
49  (1919)  and  Chemical  Abstracts  IS,  3090  (1919). 
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theory  of  the  reaction,  the  ideal  yield  from  the  fulent 
discharge  process,  if  all  the  electrical  energy  were  a- 
vailable  for  the  reaction,  would  be  250  grams  of  nitric 
acid  per  kilowatt-hour.  The  theoretical  possibilities 
from  the  thermal  reaction,  according  to  thennodynam- 
ical  calculations,  represent  a  yield  of  only  134  grams 
of  acid  per  kilowatt-hour  at  a  temperature  of  4200 
deg.  cent.  If  the  former  process  can  be  developed  to 
the  present  efficiency  of  the  arc  process,  the  yield  will 
be  greater  and  the  first  cost  and  operating  expenses 
will  probably  be  much  less  because  of  the  simpler 
apparatus  involved. 


Fio,  17 — Spiel's  Apparatus 

In  general,  those  reactions  approximating  most 
closely  natural  phenomena  are  found  ultimately  to 
be  most  satisfactory  and  economical.  Nature  provides 
dilute  nitric  acid  for  the  fertilization  of  the  soil  by  the 
ionization  of  the  air  as  a  result  of  electric  discharges 
in  the  atmosphere.  The  gases  thus  produced  are 
absorbed  by  the  moisture  of  the  clouds  or  rain  and 
are  distributed  over  the  land.  Such  a  process  is  identi- 
cal in-principle  with  that  under  discussion  in  this  paper. 

This  work  has  been  accomplished  only  by  the  gener- 
ous cooperation  of  many  interested  investigators. 
Dr.  F.  0.  Anderegg  in  particular,  Assistant  Professor 
of  Chemistry  at  Purdue  University,  has  followed  the 
work  in  detail  and  has  made  many  suggestions  of 
value.    The  hearty  appreciation  of  the  authors  is  ex- 
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tended  to  him,  to  other  collaborators  mentioned  in  the 
paper,  to  Professor  H.  C.  Peffer,  Head  of  the  School  of 
Chemical  Engineering,  and  Mr.  Emerson  Pugh,  in- 
structor in  the  School  of  Electrical  Engineering.  The 
departments  of  Chemistry  and  Physics  have  aJso  ren- 
dered services  which  are  hereby  recognized  with  appre- 
ciation. 

The  Engineering  Experiment  Station  at  Purdue 
University  will  continue  the  investigation  of  the 
"Fixation  of  Atmospheric  Nitrogen  by  the  Silent 
Discharge  Process." 

APPENDIX 

In  Table  I  will  be  found  a  summary  of  the  results  of 
Spiel's  experiments  upon  fixed  volumes  of  air.  The 
change  of  primary  current  of  the  induction  coil  in- 
dicated in  the  second  column  of  the  table,  no  doubt 
varied  the  voltage  of  the  secondary  and  therefore  the 
energy  input  to  the  Siemen's  tube  over  a  considerable 
range,  but  no  record  of  such  energy  or  the  yields  of 
nitric  acid  were  reported. 

TABLE  I. 
SUMMARY  OF  SPIEL'S  RESULTS 


Time 

NO 

No.  of 

Prim. 

Pressure 

Tempera- 

Time 

equili- 

oonoen- 

exper- 

cur- 

mm. 

ture 

reversal 

brium 

tration 

imont. 

rent. 

deg.   cent. 

minutes 

minutes 

vol. 
per  cent 

1 

1.9 

715     -744 

12     -15.3 

120 

176 

0.7 

2 

1.9 

710     -748.5 

14     -14.2 

110 

•   • 

4.4 

3 

1.9 

481.5-603.5 

14.3 

39 

61 

0.6 

4 

1.9 

481.5-502 

15 

43 

•   • 

6.6 

5 

1.9 

345.6-353.5 

16     -16.1 

14 

86 

0.6 

6 

1.9 

344     -362 

15.5-16.7 

11 

•   • 

6.6 

7 

3.0 

729 . 6-746 

17     -17.1 

30 

50 

0.4 

8 

3.0 

721.5-740.5 

16.1-16.2 

31 

•   • 

4.2 

9 

5.0 

731     -760 

14     -14.2 

11 

80 

0.1 

10 

6.0 

731     -750 

14 

11.5 

•  • 

3.6 

The  analyses  were  made  after  the  equilibrium  was 
reached  for  the  experiments  of  odd  number.  In  the 
even  numbered  experiments,  the  analyses  were  made 
as  near  the  reversal  point  as  possible. 

Conclusions 
The  conclusions  derived  by  Spiel  as  the  result  of 
his  work  on  air  are  quoted  as  follows: 


19201 


HARDING  AND  McEACHRON 


787 


1.  "With  the  discharge  in  enclosed  volumes  of  air 
the  final  equilibrium  concentration  gives  nitric  oxide 
below  one  volume  per  cent  for  these  conditions." 

2.  "Decrease  of  the  original  pressure  essentially 
alters  the  equilibrium  concentration." 

3.  "Increase  in  the  primary  current  decreases  the 
equilibriiun  concentration." 

4.  "The  pressure  decrease,  which  the  gas  undergoes, 
as  is  to  be  seen  from  curve,  Fig.  17,  varies  between 
8  and  84  mm.  This  pressure  decrease  depends  not 
only  upon  the  formation  of  ozone,  but  also  upon  the 
formation  of  oxides  of  nitrogen  for,  as  can  be  seen 
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from  the  red  color  of  the  gas  at  the  time  of  reversal, 
and  as  has  been  proven  by  the  determinations  of 
concentration,  much  more  oxidized  nitrogen  is  pres- 
ent before  and  at  the  time  of  reversal,  than  at 
equilibrium." 

This  abrupt  and  strong  reversal  is  a  very  peculiar 
phenomenon.  It  has  been  checked  by  Anderegg  in 
the  chemical  laboratory  of  Purdue  University.  The 
reversal  has  been  shown  by  Spiel  to  be  affected  by 
changes  of  temperature.  An  investigation  is  being 
undertaken  by  R.  E.  Nelson  to  see  what  effect  the 
maintenance  of  a  very  constant  temperature  will  have 
on  the  reversal. 

5.  "The  concentration  at  the  time  of  reversal  in 
experiments   at  atmospheric   pressure  i&  ^\^>3X.  ^ol 
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times  the  final  concentration.  For  lower  pressures 
this  ratio  is  raised,  the  final  concentration  being  lowered ; 
the  reversal  concentration  increases  rapidly.  With 
500  mm.  pressure  at  the  time  of  reversal  about  10  times, 
with  350  nmi.  about  12  times  as  much  NO  is  present 
as  in  the  final  equilibriiun.'" 

6.  "With  increased  current  the  reversal  as  well 
as  the  final  concentration  decreases  considerably." 

7.  "The  time  after  which  reversal  occurs  varies 
between  12  and  110  minutes;  the  latter  time,  which 
was  obtained  with  air  at  atmospheric  pressure  and 
1.9  amperes,  agrees  with  the  results  of  Hantefeuille- 
Chappius."' 

The  conclusions  reached  by  Spiel  resulting  from 
experiments  with  initial  mixtures  of  air  and  various 
proportions  of  oxygen  and  nitrogen  are  to  the  effect 
that  the  concentration  is  increased  and  the  time  re- 
quired to  produce  a  reversal  of  the  reaction  is  lowered 
by  higher  oxygen  concentrations.  He  further  decides 
the  "The  Silent  Electric  Discharge  is  not  concerned 
with  a  thermal  effect." 


6.  Compies  rendus  92  (80).  1881;  92  (134),  1882. 
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Discussion  on  "Nitrogen  IJ^ixation  by  the 
Silent  Discharge  Method"  (Harding  and 
McEachron),  Boston,  Mass.,  April  9,  1920. 

Mr.  Finch:  I  should  like  to  ask  Mr.  Harding  if 
he  made  any  runs  at  a  higher  pressure,  say  2  or  3 
atmospheres,  at  the  same  time  increasing  the  velocity? 

Mr.  Benjamin:  I  might  state  that  in  the  demand 
for  argon  for  filling  electnc  light  bulbs  in  1916,  I  was 
called  up|on  by  my  company  to  develop  a  method  for 
the  obtaining  of  argon.  In  connection  with  that  I 
naturally  turned  to  the  Berklinite  process  to  remove 
the  nitrogen  from  the  air  and  eventually  developed 
an  apparatus  which  is  extremely  simple,  being  a 
reaction  chamber  provided  with  4  electrodes.  These 
electrodes  were  nickel.  Two  diametrically  opposite 
electrodes  were  arranged  to  receive  a  discharge  current 
from  an  a-c.  transformer;  it  was  only  a  5-kw.  trans- 
former giving  a  secondary  voltage  of  30,000  volts. 
This  sets  up  a  spark.  Another  two  diametrically 
opposite  electrodes  were  placed  fairly  close  so  that 
their  axes  were  at  right  angles  to  their  high  potential 
electrodes,  and  these  received  a  30-volt  d-c.  current. 
The  circuit  could  not  be  established  until  the  a-c.  arc 
was  formed;  In  the  reaction  chamber  at  the  top,  we 
arranged  a  spray  which  sprayed  the  interior  of  the 
walls  of  the  reacting  chamber  with  sodium  hydroxide 
which  was  fed  in.  The  gases  consisted  of  air  and 
oxygen.  We  found  a  very  peculiar  condition.  Theore- 
tically we  take  it  that  8  parts  of  air  and  9  parts  of 
oxygen  would  form  a  complete  reaction,  but  we  had 
very  poor  results,  practically  no  results,  until  we 
supplied  a  surplus  of  oxygen,  amounting  to  11  parts 
of  oxygen  to  8  parts  of  air,  and  then  the  reaction  be- 
came violent,  the  entire  reaction  chamber  was  filled 
with  a  yellow  glow  which  you  could  not  detect  as 
caused  by  the  d-c.  arc  or  the  a-c.  arc,  being  a  natural 
sodium  flame  effect.  Our  products  were  completely 
converted  by  circulating  sodium  hydroxide  until  the 
gases  were  completely  consumed  and  formed  sodium 
nitrate,  the  residual  gas  being  the  rarer  elements  of 
the  air,  such  as  argon,  helium.  The  other  remaining 
gases  we  did  not  attempt  to  analyze.  This  process 
was  extremely  simple,  as  it  consisted  of  just  one 
reaction  chamber  and  air  circulating  system  for  the 
sodium  hydroxide. 

K.  B.  McEachron:  The  results,  as  you  can  see 
from  the  curves,  indicate  that  the  higher  pressures  and 
higher  velocities  give  the  best  yields.  We  have  not  done 
any  work  at  any  higher  pressures  than  those  reported  in 
the  paper.  In  case  ttie  pressure  was  increased  materially 
the  voltage  would  also  need  to  be  increased  to  ^TcAvx^^ife  ^ 
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satisfactory  corotia.  For  several  reasons  this  is  not 
feasible  with  the  present  design  of  tube,  one  of  the  most 
important  limitations  being  that  the  creepa^  distance 
at  the  top  of  the  tube  is  such  that  the  voltage  cannot  be 
increased  very  materially  without  danger  of  flashing 
over. 

We  have  considered  the  advisability  of  introducing  cer- 
tain absorbing  liquids,  as  sodium  hydroxide  or  wat^  va- 
por, into  the  discharge  chamber.  We  have  found  how- 
ever that  dry  air  is  very  much  better  than  moist  air,  aiid 
all  of  the  air  we  use  has  been  dried.  The  trouble  with 
moist  air  is  that  sparks  form  very  readily  which  seem  to 
hinder  the  reaction.  If  the  air  contains  much  moisture,  a 
portion  of  the  yield  of  nitric  acid  will  adhere  to  the 
walls  of  the  discharge  chamber,  thus  diminishing  the 
observed  yield.  The  presence  of  nitric  acid  inside  the 
discharge  tube  is  also  likely  to  cause  a  short  circuit  at 
the  bottom  of  the  tube,  where  the  surface  of  the  insu- 
lating materials  becomes  more  or  less  conducting. 

Mr.  Tucker:  The  authors  refer  to  a  higher  yield 
than  that  indicated  in  the  paper;  could  they  give 
us  any  figures  on  that? 

K.  B.  McEachron:  We  are  not  quite  ready  to 
give  any  definite  values  for  the  increased  yields  re- 
ferred to.  I  might  say,  however,  that  we  have  ob- 
tained yields  more  than  twice  those  mentioned  in  the 
paper.  The  reason  why  we  do  not  want  to  give  this 
information  is  on  account  of  the  possible  error  in  our 
power  measurements.  To  measure  100  or  200  watts 
with  an  electric  potential  of  50,000  or  60,000  volts  is  a 
problem  which  offers  considerable  difficulty.  Until  we 
have  more  definite  information  regarding  our  power 
measurements,  we  do  not  wish  to  put  these  data  on 
record.  We  hope  to  obtain  a  check  on  our  measure- 
ments by  the  oscillographic  method,  which  method  we 
are  using  now. 

Mr.  Benjamin:  I  might  state  that  I  have  ex- 
perienced trouble  with  porcelain  insulation  in  that 
respect  and  have  resorted  to  lava,  I  believe  made 
somewhere  about  Chattanooga,  that  gave  perfect 
results  and  no  crazing  on  the  surface  whatever  such 
as  we  have  experienced  with  porcelain,  and  gave  per- 
fect electrical  insulation. 

K.  B.  McEachron:  The  process  described  in  the 
paper  should  prove  to  be  a  valuable  one,  if  the  yields 
can  be  made  to  equal  or  exceed  those  of  the  arc  process. 
A  large  amount  of  work  will  necessarily  have  to  be  done 
in  order  that  the  conditions  which  produce  the  best 
yield  may  be  determined.  When  new  data  of  sufficient 
value  has  been  obtained,  further  reports  will  be  made 
^o  the  Institute. 
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MAGNETIC    AND   ELECTRICAL   PROPERTIES 
OF     IRON-NICKEL    ALLOYS 


BY  T.  D.  YENSEN 
Research  Metallurgist,  Westinghouse  Blee.  &  Mfg.  Co.,  B.  Pittsburgh,  Pa. 


Part  1.  This  investi^tion  was  undertaken  to 
determine  whether  any  iron-nickel  alloys  could  be 
found  having  a  higher  saturation  value  than  pure  iron. 
Alloys  were  prepared  containing  0-100  per  cent  Ni. 

Pure  Fe-Ni  allocs  do  not  forge  readily,  and  to  make 
them  forgeable  it  is  necessary  to  add  alloying  elements 
like  Mn  or  Ti. 

The  results  show  that  the  saturation  value  decreases 
slowly  with  increase  in  Ni  content  up  to  20  per  cent 
Ni;  then  rapidly  to  30  per  cent;  again  rises  rapidly  to 
50  per  cent  and  falls  off  gradually  toward  100  percent 
Ni.     At  no  point  does  it  exceed  that  of  pure  iron. 

For  values  of  H  between  100  and  400  the  permeability 
is  about  5  per  cent  higher  for  6  to  8  per  cent  Ni  than  for 
pure  iron,  but  this  advantage  is  offset  by  the  large 
mcreases  in  hysteresis  loss. 

Alloys  containing  35  to  70  per  cent  Ni  have  high 
permeability  at  low  and  medium  densities  and  low 
nysteresis  loss,  the  highest  permeability  occurring  for 
50  per  cent. 

30  to  50  per  cent  alloys  are  characterized  by  a  nearly 
straight  line  B-H  curve  from  the  ori^^in  to  B  >-  2000  to 
4000  gausses  and  also  by  low  retentivity  and  coercive 
force ^  properties  which  are  of  value  in  connection  with 
certam  electromagnetic  meters. 

Part  II.  Previous  investigations  on  commercial 
iron-nickel  alloys  have  shown  that  25  to  35  per  cent 
alloys  have  irreversible  magnetic  and  electrical  trans- 
formation points  occurring  below  ordinarv  tempera- 
tures. The  present  investigation  confirms  these  results 
for  pure  alloys.  A  30  per  cent  alloy,  annealed  and 
cooled  to  room  temperature,  had  its  saturation  value, 
4  r  /j  increased  from  2500  to  17,8M  gausses  and  its 
electrical  resistance  decreased  from  81  to  32  microhms 
per  cu.  cm.  after  being  cooled  to  liquid  air  temperature 
and  reheated  to  room  temperature.  Alloys  containing 
15,  35  and  50  per  cent  nickel  showed  practically  no 
change  after  the  above  treatment.  After  allowing  all 
transformations  from  the  austenitic  state  to  the  a  state 
to  take  place  the  curves  for  4  t  Ig  and  for  electrical  re- 
sistances both  have  definite  cusps  for  34.5  per  cent 
nickel,  corresponding  to  the  compound  FeaNi,  thus 

fiving  evidence  of  the  existence  of  this  compound, 
t  is  pointed  out  that  the  irreversible  transformation 
causes  an  enormous  increase  in  the  hysteresis  loss. 
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PART  I 

Introduction.  The  discovery  of  materials  having 
higher  magnetic  saturation  than  pure  iron  is  of  great 
importance  In  connection  with  dynamo-electric  mar 
chinery,  because  it  is  the  saturation  value  of  the 
material  in  the  teeth  of  the  armature  that  determines 
to  a  large  extent  the  size  of  the  machines.  If  the 
saturation  value  could  be  raised  10  per  cent,  this  would 
mean  that  the  length  of  the  armature — ^and  conse- 
quently the  field  and  frame — could  be  decreased  by 
approximately  10  per  cent,  with  a  resultant  large 
saving  in  the  cost  of  the  machine.  Cobalt  has  been 
known  for  some  time  to  increase  the  saturation  value; 
in  the  case  of  the  alloy  Fe,  Co  by  as  much  as  10  to  13 
per  cent*.  At  high  inductions  the  author  has  shown* 
that  the  permeabiUty  of  Fe^  Co  may  be  as  much  as 
25  per  cent  higher  than  that  of  pure  iron.  This  alloy 
would  therefore  seem  to  be  very  suitable  for  the  purpose 
mentioned  were  it  not  for  its  high  cost.  Efforts  have 
consequently  been  made  to  discover  less  expensive 
materials  with  properties  similar  to  those  of  Fe2  Co. 

Nickel  has  been  suggested  as  a  possible  substitute 
for  Co,  in  spite  of  the  fact  that  according  to  Weiss' 
nickel  lowers  the  saturation  value  of  iron.  Burgess 
and  Aston*  prepared  a  large  number  of  alloys  ran^g 
from  0-100  per  cent  Ni  and  among  these  there  were 
one  or  two  alloys  having  a  slightly  higher  permeability 

1.  Weiss:  Electromagnet  with  Ferro-cobalt  pole  pieces. 
CompUa  Rendus  156.  p.  1970,  June  30,  1913.  Trans,  Faraday 
Soc.  8,  p.  149,  1911-12. 

Yensen:  Magnetic  Properties  of  the  Iron-oobalt  alloy  Fej  Co, 
Gen.  Elec.  Rev.,  18,  p.  881  Sept.  1915.  Proc.  A.  I.  E.  B.,  34,  p. 
2463. 

Kalmiis  and  Blake:  Magnetic  Properties  of  Cobalt  A  Iron- 
cobalt  alloys.  Can.  Dept.  of  Mines,  Mines  Branch,  Report  413, 
1916. 

Becket:  Alloys  of  Iron  and  cobalt,  U.  S.  Patent  No.  1,247.- 
206,  Nov.  1917. 

2.  Loc.  Cit. 

3.  Loc.  Cit. 

4.  Magnetic  and  Electrical  Properties  of  Iron-niokel  allosrs, 
Met.  &  Chem.  Engr.  8,  p.  23,  Jan.  1910. 
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at  high  inductions  than  pure  iron.  The  composition 
of  these  alloys  was  in  the  neighborhood  of  5  per  cent 
Ni.  These  results  and  certain  others  obtained  with 
low  nickel  steels  prepared  commercially  made  it  de- 
sirable to  investigate  carefully  the  possibilities  in  the 
direction  indicated.  Alloys  were  consequently  pre- 
pared from  the  purest  materials  obtainable  and  by 
the  most  approved  method  known  to  yield  pure  alloys. 
Preparation.  The  alloys  were  made  by  melting  the 
desired  proportions  of  electrolytic  iron  and  electrolytic 
nickel  placed  in  magnesia  crucibles  in  an  Arsem  type 
vacuum  furnace  under  pressure  of  1  to  2  mm.  mercury. 
Chemical  analysis  of  the  above  materials  gave  the 
following  results: 


Element 

Electrolytic  Iron 

Electrolytic  Nickel 

S 

0.003  percent 

0.006  per  cent 

P 

Trace 

0.001 

C 

0.014 

0.030 

Mn 

Trace 

Trace 

Si 

Trace 

0.040 

Cu 

Trace 

Al 

0.005 

Fe 

99.978  (by  diff.) 

0.250 

Ni 

99.673  (by  diff.) 

The  first  attempts  that  were  made  to  forge  the  ingots 
revealed  the  fact  that  pure  iron-nickel  alloys  do  not 
forge  very  well  at  ordinary  forging  temperatures.  Up 
to  8  per  cent  Ni,  and  in  rare  cases  with  higher  nickel 
contents,  fairly  good  f orgings  were  obtained  by  forging 
at  a  dull  red  heat,  but  not  by  forging  at  a  bright 
red  heat.  In  other  cases  the  alloys  would  forge  at  a 
black  heat,  or  even  cold,  while  some  alloys  could  not 
be  forged  under  any  conditions.  In  order  to  obtain 
pure  Iron-nickel  alloys  in  the  form  of  test  pieces  it  was, 
therefore,  necessary  in  some  cases  to  machine  rings 
directly  from  the  ingots.  Forgeable  alloys  were  ob- 
tained by  means  of  certain  addition  agents.  Ti  and 
Mn  worked  successfully  for  this  purpose,  while  Si, 
Al  and  Mg  had  no  effect.  The  amounts  of  Ti  and 
Mn  required  varied  from  0.2  per  cent  for  10  per  cent 
Ni  to  1.0  per  cent  for  50  per  cent. 
Three  kinds  of  test  pieces  were  prepared: 
1;  Rings  from  ingots,  2.46  cm.  (31/32  in.)  outside 
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diam.,  1.83  cm.  {23/32  in.)  inside  diam.  and  0.95  cm. 
(3/8  in.)  long. 


•  •  t   •  >   o  Rings  from  Insot* 

•  •  •  •  •  e  Rings  from  Focsinsi 

■  ■■■■)   D  Rod*  from  Forging! 
D  AJloyB  with  no  Addition  Agent 

■  Alloya  with  0.2  to  0.5*  Si  Added 
N  Alloys  with  D.I  to  1.0*  Hn  Added 

■  AllayE  with  0.2  to  O.S«  Si  &  Ho  AiUed 

■  Alloys  with  0.1  to  l.Oji  "H  Added 

■  Alloys  with  0.2  to  1,0«  Al  Added 


Pio.  1 — Kbt  to  Point-Notation  or  Ibok-Kiokbl  AbLors 

2.  Rings  from  forgings,  2.46  cm.  (31/32  in.)  outside 
diameter,  1.83  cm.  (23/32  in.)  inside  diameter  and  0.96 
cm.  (3/8  in.)  long. 
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3.  Rods  from  forgings  1.27  cm.  (1/2  in.)  diam.  and 
J0.5  cm.  (12  in.)  to  35.5  cm.  (14  in.)  long. 
The  annealing  was  done  at  900  to  950  deg.  cent, 
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in  rare  cases  at  higher  temperatures,  in  a  vacuum 
furnace,  under  a  pressure  of  less  than  0.1  mm.  of 
mercury,  the  test  pieces  being  buried  in  granulated 
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MgO,  and  the  temperature  measm^  by  means  of  a 
Pt-Pt  Rh  thermo  couple.  The  cooling  was  extended 
over  a  period  of  24  hours  and  was  done  at  a  rate  of 
approximately  30  deg.  per  hour. 

Testing.    The    magnetic  testing  of  the  rods  was 
done  by  the  Burrows  compensated  double  bar  and  yoke 
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method,^  being  the  most  approved  method  thus  far 

5.  BuU.     Bur.  0/  Stand.     Vol.  6,  No.  1,  Rep.  No.  117. 
BuU.     EDg.  Exp.  Sto.  Univ.  of  Dl.     No.  72  (1914),  No.  83 
(1915),  Tbanb.  a.  I.  B.  E.,  33, 1.  451  (1914),  34,  II.,  2601  (1916). 
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developed  for  rods.  The  rings  were  tested  by  means 
of  the  ordinary  two-winding  method,  no  other  method 
being  either  simpler  or  more  accurate. 

Remits.  The  results  are  embodied  in  the  following 
tables  and  curves.  No  attempt  has  been  made  by 
means  of  separate  curves  to  show  the  effect  upon  the 
properties  of  pure  iron-nickel  alloys  by  the  addition  of 
other  elements  necessary  to  make  them  forgeable. 
In  most  cases  the  effect  of  nickel  upon  iron  is  so  marked 
as  to  obscure  any  effect  due  to  other  elements.  Only 
in  the  region  from  50-70  per  cent    are  the   alloys 
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markedly  susceptible  to  mechanical  and  heat  treabnent 
and  to  other  alloying  elements,  and  in  this  region 
there  is  much  uncertainty  as  to  the  magnetic  proper- 
ties at  low  flux  densities.  This  is  plainly  seen  in 
Figs.  2,  3,  4  and  10  for  maximum  permeability,  for 
permeabilities  for  H  =  0.4, 1  and  4,  and  forhystacsis 
loss,  respectively.  In  spite  of  this  uncertainty  all 
points  have  been  plotted  together  and  the  curves 
drawn  through  the  centers  of  density  of  the  points. 
The  cur\'es  thus  obtained  for  /f  =  0.4, 1,  4,  20, 100, 400 
and  for  the  saturation  intensity,  4?  /„  have  all  been 
replotted  in  Fig.  9  showing  at  a  glance  the  variation 
in  permeability  for  various  magnetizing  forces  with 
variation  in  nickel  content.    These  curves  might  be 
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termed  the  magnetic  iso-gilberts  for  the  iron-nickel 
alloys.  To  this  set  of  curves  the  following  general 
statements  can  be  applied: 

1.  The  saturation  intensity,  /,  decreases  slightly — 
not  more  than  1  or  2  per  cent — from  pure  iron  to  20 
per  cent  nickel.  Between  20  and  30  per  cent  nickel 
It  decreases  to  one-tenth  of  its  previous  value,  in- 
creases again  rapidly  beyond  30  per  cent,  reaches  a 
maximum  for  50  per  cent  nickel  and  finally  decreases 
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gradually  toward  100  per  cent  nickel,  the  value  for 
pure  nickel  being  between  J^  and  H  that  for  pure 
iron. 

2.  The  iso-gilberta  for  high  values  of  H  are  of  the 
same  general  shape  as  that  for  I„  except  that  there  is 
a  slight  increase — about  5  per  cent — in  penneability 
between  0  and  8  per  cent  nickel. 

3.  For  low  values  of  H  the  iso-gilberts  drop  rapidly 
from  pure  iron  and  remain  very  low  until  the  30  per 
cent  point  has  been  passed ;  reaching  a  maximum  be- 
tween 50  and  60  per  cent  nickel,  for  which  in  some 
cases  a  permeability  has  been  reached  approaching 
that  for  pure  iron;  and  finally  decreases  to  very  low 
values  for  100  per  cent  nickel. 

The  low  saturation  value  occurring  in  the  rc^on  tit 
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30  per  cent  nickel  has  been  shown  to  be  due  to  the 
fact  that  the  magnetic  transformation  point  of  these 
alloys  lies  below  ordinary  temperatures.  K.  Honda 
in  a  recently  published  paper*  has  shown  that  cooling 
the  alloys  in  liquid  air  and  then  heating  them  to  room 
temperature  raises  /,  from  the  minimum  value  of 
about  200  to  nearly  1000.  At  the  same  time  the 
minimum  point  has  been  shifted  from  28  to  30  per 
cent  to  about  34.5  per  cent,  the  latter  corresponding 
to  the  compound  Fe2Ni.^ 

Fig.  10  shows  the  variation  of  hysteresis  loss  for 
B  =  10,000  gausses  with  nickel  content.  As  might  be 
expected  from  the  iso-gilberts  of  the  previous  curve, 
the  loss  increases  rapidly  even  with  small  additions 
of  nickel,  and  the  loss  becomes  very  high  for  alloys 
containing  15  to  25  per  cent,  reaching  a  maximum  of 
nearly  50,000  ergs  per  cu.  cm.  per  cycle  for  the  25 
per  cent  alloy.  Between  30  and  70  per  cent  the  loss 
is  as  low  or  even  lower  than  for  pure  iron,  but  above 
70  per  cent  the  loss  again  increases  rapidly  reaching 
20,000  for  pure  nickel.® 

Fig.  10  shows  the  retentivity  to  decrease  with 
increasing  nickel  content  reaching  a  minimum  of 
only  200  for  the  30  per  cent  alloy.  With  further 
increase  in  nickel  content  the  retentivity  again  in- 

6.  The  Thermal  and  Electrical  Properties  of  Nickel  Steels, 
Sci.  RepU.,  Tohoku  Imp.  Iniv.  7,  pp.  59-66.     (1918). 

7.  By  the  above  treatment  the  iso-gfilberts  would,  of  course, 
also  be  changed,  and  the  entire  set  of  curves  would  appear 
very  differently.  This  matter  is  discussed  in  Part  II  of  this 
paper. 

8.  All  losses  are  based  on  a  flux  density  of  10,000  gausses. 
In  case  of  the  30  and  80  to  100  per  cent  alloys  having  saturation 
values  lower  than  10,000  the  losses  were  obtained  for  as  high 
densities  as  possible,  and  the  hypothetical  loss  for  10,000  cal- 
culated by  means  of  the  formula 

1.6 
10,000 
Wio  -  Wb\        q 

where  W^  is  the  loss  actually  obtained  by  test  for  the  flux 
density  B,  The  1.6  law  may  not  be  strictly  applicable  in  the 
case  of  the  alloys  mentioned,  but  is  believed  to  be  sufficiently 
accurate  for  the  piurpose  of  comparison. 
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creases,  reaching  a  maximum  between  60  and  60 
per  cent  nickel.*  :.  - 

Fig.  12  shows  the  variation  in  electrical  resistance 
checking  very  closely  the  results  obtained  by  Biirgess 
and  by  Honda.*"  The  curve  has  been  drawn  through 
the  points  for  pure  iron-nickel  alloys  for  all  cases  in 
which  alloys  were  available  in  the  form  of  rods.  In 
every  case  it  will  be  noticed  that  the  alloys  con- 
taining a  small  amount  of  silicon  have  a  decidedly 
higher  resistance  than  the  alloys  without  silicon,  as 
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Fio.  7 — Flux  Density  r 
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might  be  expected.  The  curve  reaches  a  maximum 
for  30  per  cent  nickel  corresponding  to  the  composi- 
tion of  the  alloy  having  the  lowest  magnetic  satura- 
tion value.  Honda  has  obtained  a  decrease  in  elec- 
trical resistance  corresponding  to  the  increase  in  the 

9.  No  correction  has  been  made  in  case  the  ulloy  was  tested 
at  a  lower  density  than  10,000,  but  the  error  is  supposed  to 
be  small  in  every  case.  Examples:  2  Ni  285,  containinE  75 
per  cent  nickel  was  t«sted  at  10,000  gausses,  showing  a  re- 
tentivity  of  2350,  while  2  Ni  290,  having  the  same  nickel  content, 
tested  at  B  -  4000  gave  a  retentivity  of  2550. 

10.  LocCit. 
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saturation  value  above  referred  to,  by  cooling  the 
alloys  in  liquid  air  and  then  heating  to  room  temp- 
erature. For  the  30  per  cent  alloy  the  resistance 
decreased  from  a  value  of  approximately  90  to  30 
microhms,  whereas  no  change  is  shown  for  the  34.5 
per  cent  alloy  corresponding  to  FetNi,  making  this 
the  alloy  having  the  maximum  resistance," 
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The  specific  gravity  shown  in  Fig,  13  was  obtained 
incidentally  as  a  means  of  obtaining  the  true  cross 
section  of  the  ring  test  pieces.  The  values  in- 
crease uniformly  from  7.9  for  pure  iron  to  8.9  for 
pure  nickel. 

PART  II 

Reversible  and  Irreversible  Transforbiations 

Inlrodudioi).  In  Part  I  of  this  paper  it  was  pointed 
out  that  the  properties  of  alloys  in  the  neighborhood 
of  30  per  cent  nickel  would  be  very  different  after 

11.  Further  data  on  Ibis  subject  is  contaiDed  in  Part  II. 
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being  cooled  to  liquid  air  temperature  from  after 
being  cooled  merely  to  room  t«nperature.  It  was 
further  pointed  out  that  this  difference  is  due  to  the 
fact  that  these  alloys — in  addition  to  the  reversible 
transformation  point  occurring  above  room  tempera- 
ture—have an  irreversible  trangformation  point  oc- 
curring below  room  temperature.  These  transforma- 
tions have  been  studied  a  great  deal  in  recent  years, 
the    pioneers   in    the    fleld    being   Hopkinson    (1), 
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Various  Maonktisino  Forceb 

LeChatelier  (2),  Osmond  (3),  Guillaume  (4)  and 
Dumas  (5)."  The  alloys  investigated  by  these  scien- 
tists all  contained  foreign  elements  to  some  extent, 
particularly  carbon  and  manganese.  As  a  matter 
of  fact  manganese  was  considered  an  essential  con- 
stituent, because  without  it,  the  alloys  could  not  be 

12.  (1)  Proc.  Aoifol  Soc..  46  and  47,  p.  23, 1889,  48  p.  1.,  1890. 

(2)  Comj>U»  Aendiu,  90  p.  285,  1890. 

(3)  Compua    Rendua,  118,  p.  532,  1894;    121.  p.  684,  1895; 
128,  pp.  306,  1395,  1513,  1899. 

(4)  CompUi  Rtndiu,  Jan.  25,  April  5,  June  18.  July  26,  1897. 

(5)  CompUl    Rendui,  139,    p.  42,  1899,   Jow.  Iron  &  SUel 
Intl.,  II,  p.  225. 
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forged.  It  is  very  unfortunate,  however,  for  the 
interpretation  of  the  results  of  the  above  investigations 
that  these  two  elements  referred  to  are  the  ones  that 
affect  the  transformation  points  the  most.  Thus 
carbon  is  20  times  as  effective  as  nickel. in  lowering 
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the  transfwrnation  points,  and  manganese,  while  less 
effective  in  this  respect  than  carbon,  still  is  much 
more  effective  than  nickel.  Dumas"  realized  this 
when  he  stated  that  "No  nickel  steel  is  non-magnetic 
at  ordinary  temperatures  except  steels  containing  car- 
bon and  manganese,"  and  he  consequently  attempted 
to  keep  these  elements  as  low  as  possible.  The 
results  of  his  experiments  are  shown  in  Fig.  14.  It 
will  be  noted  that  from  27  to  31  per  cent  nickel  Dumas 
found  both  reversible  and  irreversible  transformations. 
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Of  the  two,  however,  the  irreversible  was  by  far  the 
more  intense.  The  broken  curves  indicate  probable 
transformations  in  pure  alloys  that  are  too  feeble 
in  comparison  with  the  transformations  that  have 
already  occurred  to  be  readily  detected.  However, 
by  introducing  carbon  into  the  alloys,  the  irreversible 
transformation  points  may  be  lowered  sufficiently 
without  lowering  the  reversible  points,  to  reveal  the 
latter.  Dumas  cites  the  example  of  a  23  per  cent 
alloy,  which  when  pure  has  an  irreversible  point  on 
cooling  at  +  75  deg.  but  apparently  no  revCTsible 
13.    Loo.  Cit. 
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point.  By  adding  0.85  per  cent  and  1.41  per  cent 
Mn  to  this  alloy  the  irreversible  point  is  decreased 
to  — 188  deg.,  and  on  cooling  from  0  deg. — the  alloy 
is  now  non-magnetic— the  reversible  point  is  revealed 
at  —150  deg.  On  the  assumption  that  the  reversible 
points  are  imaffected  by  C  or  Mn,  Dumas  concludes 
that  the  pure  Fe-Ni  alloys  between  20  and  37  per 
cent  nickel  have  both  reversible  and  irreversible 
transformation  points. 
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In  a  recently  published  circular"  the  Bureau  of 
Standards  has  compiled  all  the  important  data  pub- 
lished prior  to  1916  relating  to  iron-nickel  alloys  and 
includes  an  extensive  bibliography.  Fig.  15  gives  the 
magnetic  transformation  according  to  Hegg  repro- 
duced from  this  circular,  giving  also  points  determined 
by  Dumas  and  by  Osmond  magnetically,  by  Guertler 
and  Tammann  and  by  Rurer  and  Schuz  metallic 
graphically  and  by  Boudouard  thermoelectrically. 
The  ordinates  of  this  curve  are  in  absolute  degrees 
centigrade  (=  273  +  deg.  cent.) 


14.  Ciroular    No.    58. 
Apnl  4, 1916. 
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More  recently  Honda'*  haa  studied  the  magnetic 
and  electrical  properties  of  nickel  steels  at  ordinary 
temperatures  and  after  quenching  in  liquid  air.  The 
latter  treatment  caused  remarkable  changes  in  the 
region  of  25  to  30  per  cent  nickel,  but  no  appreciable 
changes  for  other  nickel  contents,  thus  confirming  the 
results  already  referred  to.  The  results  are  shown  in 
Figs.  17  and  IS.  On  account  of  the  foreign  elements 
present  in  Honda's  steels  it  seemed  desirable  to  repeat 
his  tests  with  pure  alloys,  and  thus  rotmd  out  the 
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investigation    of    the   iron-nickel    alioys   covered    in 
Parti. 

Procedure.  The  samples  used  were  selected  from 
those  used  in  the  previous  investigation,  the  prepara- 
tion of  which  is  fully  described  in  Part  I.  The  test 
pieces  used  are  as  follows: 

15.  Tho  Thermal  and  electrical  properties  of  Niokel  Steals 
Se.  Bcporti  Tohoku  Imp.  Univ.  7,  p.  59.  1918. 
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2  Ni  226— 15  per  oent  Ni,  2  Rods  1.27  om.  (J^in.)  diameter. 
2  Ni  232—30  per  oent  Ni.  2  Bods  as  above  and  1  ring  3.83  cm. 

dH  in.)  inside  diam.  and  4.47  oin. 

{IH  in.)  outside  diam. 
2  Ni  233—34.5  per  oent  Ni,  1  Rod  and  1  Ring  as  above. 
2  Ni  234—34.5  per  eent  Ni,  1  Rod  and  1  Ring  as  above. 
2  Ni  261—50     per  cent  Ni,  1  Rod  and  1  Ring.aa  above. 
2  Ni  262—50     per  oent  Ni.  1  Rod  and  1  Ring  "as  above. 

As  a  preliminary  the  rings  were  tested  successively 
at  room  temperature,  in  COi  snow  ( -  70,deg.  cent.), 


-2  Ni  232. 30  Per  Cent  Ni  Cooled  to  Room  Temp'era- 
TCRB.  (100  Diameters) 

again  at  room  temperature,  then  in  liquid  air 
(—  185  deg.  cent.)  and  finally  at  room  temperature. 
Then  the  rods  were  tested  at  room  temperature,  after 
having  been  cooled  to  -  70  deg.,  and  after  having 
been  cooled  to  —  185  deg.  The  cooling  to  —  70  deg. 
was  done  by  immersing  the  test  pieces  in  gasoline, 
gradually  adding  COj  snow  until  no  more  would  melt 
and  maintaining  the  temperature  for  about  half  an 
hour  by  adding  more  snow  from  time  to  time. 

Results.    The  results  are  tabulated  in  Table  IV  and 
shown  graphically  in  Figs.  16,  17  and  18.     It  will  be 
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noted  that  while  there  is  practically  no  change  in  the 
properties  of  the  15,  34.5  and  50  per  cent  alloys  the 
SO  per  cent  alloy  has  undergone  a  marked  change.  Its 
saturation  value,  4  ir  I„  was  increased  from  2700  to 
14,600  by  cooling  to  -  70  deg.  and  to  17,800  by 
cooling  to  —.185  deg.  Similarly,  the  electrical  re- 
fflstance  was  decreased  from  82  to  38  and  to  32  by  the 
above  treatments.  It  is  probable  that  the  change 
would  have  gone  to  completion  at  -  70  deg.  if  the 


Fia.  20 — 2  Ni  232   30  fbb  cent  Ni  Cooled  to — 70dxo.cknt. 

AND  Rbhbated  to  Roow  Tbmferatdre.     (100  Diauetkbs) 


testpiece  had  been  held  there  sufficiently  long  and  that 
the  irreversible  transformation  point  therefore  lies 
between  0  and  —  70  deg.  thus  confirming  Dumas' 
results. 

While  only  a  few  points  were  determined,  they  are 
sufficient  to  demonstrate  that  the  cusp  of  both  curves, 
after  the  completion  of  the  transformations,  occurs  for 
approximately  34.5  per  cent  nickel  instead  of  for  80 
per  cent  as  the  previous  investigation  would  lead  one  to 
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believe.  This  points  strongly  towards  the  existance 
of  the  compound  Fes  Ni,  corresponding  to  34.6  per 
cent  nickel,  suggested  by  earlier  investigators.  The 
existence  of  the  compound  FeNi  corresponding  to 
51.5  per  cent  nickel,  is  more  doubtful,  because*  there 
is  no  definite  indication  of  it  in  the  electrical  resistance 
curve. 

It  is  interesting  to  note  that  while  the  satiuation 
value  of  the  30  per  cent  alloy  was  increased  to  a 
remarkable  extent  by  being  cooled  to  below  the  irre- 
versible transformation  point,  the  permeability  at  low 
flux  densities  was  decreased  and  the  hjrsteresis  loss 
enormously  increased,  the  latter  15  times.  In  other 
words,  the  reversible  transformation  produces  a 
material  with  low  hysteresis  loss  and  low  magnetic 
saturation,  while  the  irreversible  transformation  pro- 
duces a  material  with  6  times  the  saturation  value,  but 
with  15  times  the  hysteresis  loss. 

It  is  also  interesting  to  note  that  there  apparently 
is  no  change  in  the  microstructure  of  the  30  per  cent 
alloy  accompanying  the  marked  magnetic  and  electri- 
cal transformation.  Fig.  19  shows  the  microstructure 
of  the  alloy  cooled  to  room  temperature,  and  Fig.  20 
after  cooled  to  —  70  deg.  cent,  and  reheated  to  room 
temperature.  The  latter  corresponds  to  magnetic  and 
electrical  properties  widely  different  from  those  of  the 
former,  and  yet  the  microstructures  at  100  diameters 
are  identical  as  far  as  can  be  seen.  It  is  therefore 
apparent  that  the  magnetic  and  electrical  trans- 
formations are  atomic  or  ionic  in  their  nature. 
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Discussion  on  ''Electric  and  Magnetic  Properties 
OF  Nickel-Iron  Alloys"  (Yensen),  Boston, 
Mass.,  April  9, 1920. 

S.  L.  Gokhale  (by  letter):  In  this  discussion  I 
intend  to  limit  my  remarks  to  two  points  only,  viz., 
saturation  values  and  methods  of  measuring  them. 

For  measurement  of  magnetization,  with  magnetiz- 
ing force  up  to  400  gilberts,  Mr.  Yensen  has  used  the 
Bureau  of  Standards  method,  popularly  known  as 
Burrows  method.  He  has  not  specified  how  the 
saturation  values  have  been  measured,  and  extra- 
polation according  to  Kennelly's  law,  does  not  in 
all  cases  fit  the  figures  given  by  him.  According 
to  Mr.  Yensen,  the  saturation  value  of  iron  is  not 
improved  by  the  presence  of  nickel.  In  this  respect 
his  findings  are  opposed  to  those  of  Burgess  and 
Aston,  who  seem  to  have  produced  three  samples 
having  saturation  values  higher  than  pure  electrolytic 
iron,  by  introducing  7  to  10  per  cent  of  nickel,  as  has 
been  observed  by  Mr.  Yensen  on  page  792. 

Burgess  and  Aston  have  used  for  their  tests,  methods 
which  are  now  superseded  by  the  Burrows  method. 
Their  tests  stop  at  H  =  100,  and  it  would  be  scarcely 
fair  to  place  their  findings  along  side  those  of  Mr. 
Yensen  which  are  made  with  a  better  method  and 
extend  over  a  much  greater  range. 

Computing  the  saturation  values  for  different 
alloys  by  the  extrapolation  method,  using  data  in 
Mr.  Yensen's  paper,  I  find  that  the  quality  of  iron 
improves  by  the  introduction  of  nickel  up  to  about 
7  per  cent  of  nickel,  in  the  presence  of  0.2  per  cent  of 
silicon  and  with  only  about  4  per  cent  of  nickel  when 
there  is  no  silicon.  For  complete  computation  giving 
the  saturation  values,  by  extrapolation  from  Mr. 
Yensen's  data,  see  Tables  I  and  II  attached. 

This  raises  the  question  of  the  validity  of  the 
extrapolation  formula,  for  the  determination  of  satura- 
tion values.  The  importance  of  the  saturation  values 
of  materials  both  for  theory  and  for  practical  engineer- 
ing application  is  too  obvious  to  need  further  comments, 
and  it  is  scarcely  necessary  to  emphasize  the  need  of 
some  direct  and  reliable  method  for  obtaining  the 
necessary  data.  To  this  task  I  have  devoted  a  con- 
siderable part  of  my  time  during  the  last  six  years. 

The  experimental  work  has  just  been  completed 
(that  is,  in  the  only  sense  in  which  an  experimental 
work  can  ever  be  completed).  A  method  for  measure- 
ment of  saturation  values,  has  been  developed  giving 
results  correct  to  0.3  per  cent.  A  paper  for  piu)lica- 
^''^n  explaining  the  method  is  in  progress  and  will 
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be  published  at  the  earliest  possible  date.  This 
method  briefly  stated  is  as  follows:  The  sample 
under  test,  generally  a  rod  ^  in.  diameter  and  about 
12  in.  long,  or  an  equal  sized  bundle  of  strips  is  magne- 
tized by  a  coil  capable  of  producing  8000  gilberts. 
The  magnetic  circuit  is  completed  by  a  heavy  yoke  of 
soft  iron.  The  magnetizing  coil  is  connected  in 
series  with  the  primary  coil  of  a  variable  mutual 
inductor.  The  potential  coil  surrounding  the  sample 
near  its  middle  is  connected  in  series  with  uie  secondary 
coil  of  this  variable  inductor,  and  also  in  series  with 
a  galvanometer  of  high  sensitivity.     See  Fig.  1. 


FlQ.    1 

S  »  Sample  Under  Test.  Y  -  Yoke.  Rs  -  Revenlng  Switch.  Ri 
and  Ri  »  Rheostats  for  ControlUng  Independently,  Two  Points  on  the 
Saturation  Curve.     Other  Details  Omlted  In  Diagram. 


The  magnetizing  current  is  first  adjusted  to  give  a 
force  of  about  2200  gilberts,  exact  adjustment  or 
measurement  not  being  necessary;  this  adjustment 
is  made  by  the  rheostat  Ri.  The  magnetizmg  force 
is  now  raised  to  about  3000  gilberts,  the  necessary 
adjustment  being  made  by  the  rheostat  Hi.  If  at 
H  =  2200  the  sample  is  saturated,  it  will  remain 
saturated  at  if  =  3000;  the  increase  of  flux  in  this 
case  will  be  due  to  increase  of  H  only.  If  also  the 
design  of  the  permeameter  is  such  as  to  make  H, 
proportional  to  the  magnetizing  current  within  the 
limits  of  if,  2200 — 3000,  this  increment  in  H  can  be 
neutralized  by  a  proper  setting  of  the  mutual  inductor, 
and  conversely  if  the  mutual  inductor  can  be  so 
arranged  as  to  give  a  zero  deflection  for  all  upward 
changes  in  the  magnetizing  current,  the  sample  should 
be  regarded  as  saturated. 

A  reversal  of  the  magnetizing  current  will  under 
these  circumstances  give  an  effective  reversal  of  the 
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intrinsic  flux  B-H  only;  or  in  other  words  the  ballistic 
deflection  of  the  galvanometer  under  these  conditions 
will  give  directly  the  saturation  value,  without  any 
intermediate  determination  of  H  or  without  any 
computations  or  corrections  dependent  on  H.  In 
this  method  it  is  therefore,  not  necessary  to  measure 
the  value  of  H,  either  accurately  or  approximately, 
but  if  desired,     it  may  be  computed  by  the  formula 

Where    H   is    the    magnetizing    force    producing 

saturation. 

N    is  the  number  of  turns  of  potential  coil. 

A    is  the  area  enclosed  by  the  pjotential  coil. 

M  is  the  inductance  of  the  variable  mutual 
inductor  for  the  particular  setting 
under  test. 

/  is  the  magnetizing  current. 
During  the  experimental  period,  saturation  values 
have  been  obtained  for  a  large  number  of  iron  alloys, 
both  by  the  method  outlined  above,  and  by  the 
extrapolation  method,  the  necessary  data  for  the 
latter  being  obtained  by  the  Burrows  method.  As  a 
general  rule  there  is  a  discrepancy  between  the  results 
obtained  by  the  two  methods;  in  extreme  cases  this 
discrepancy  has  reached  10  per  cent,  but  as  a  general 
rule  it  does  not  exceed  3  per  cent. 

Such  a  discrepancy  may  be  due  partly  to  errors 
inherent  in  Burrows  method  and  partly  in  the  ex- 
trapolation formula.  The  possibility  of  error  in 
the  data  obtained  directly  by  the  method  outlined 
above,  is  not  to  be  ignored,  but  evidence  of  such  eiror 
has  not  so  far  appeared.  Incidentally  I  may  mention 
at  this  point,  that  the  high  saturation  values  4  ir  J 
shown  by  Mr.  Yensen  are  very  unusual. 

Prof.  B.  0.  Pierce  has  given  results  of  test  on  four 
samples  of  American  Ingot  iron;  the  highest  saturation 
value  obtained  was  21780.  {Proceedings  of  the 
American  Academy  of  Arts  and  Sciences;  June^  191S, 
p.  139).  An  analysis  of  his  data  indicates  an  error  m 
the  measurement  of  H,  which  when  corrected^  for, 
reduces  the  saturation  value  to  21475,  which  is  in 
close  agreement  with  the  result  of  my  tests  on  similar 
material.  That  conclusion  is  also  confirmed  by  the 
researches  of  Hadfield  and  Hopkinson  (Journal  I.  E.  E. 
Dec.  1910 — page  251),  who  obtained  for  the  purest 
available  sample,  a  saturation  value  of  21100. 
(iiln  view  of  these  facts  I  think  we  ought  to  make  sure 
of  our  data,  and  therefore,  give  more  attention  to  the 
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methods  of  teat  before  drawing  any  important  con- 
clusions. 

T.  D.  Yensen:  Replying  to  the  discussion  contribu- 
ted by  Mr.  Gokhale  in  re^rd  to  the  saturation  values 
of  Iron-Nickel  alloys  and  methods  of  measuring  them 
I  very  much  regret  that  I  did  not  mention  in  my  paper 
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the  method  that  was  actually  used  by  us,  as  this  might 
have  saved  Mr.  Gokhale's  time  in  preparing  his  tables. 
We  actually  did  use  the  extrapolation  method  based 
on  Kennelly's  law.  The  reason  that  Mr.  Gokhalehas 
obtained  values  that  differ  from  those  given  in  my 
paper  is  that  he  makes  use  of  the  inductions  for  H  =  100 
and  H  =  400  in  order  to  compute  the  slope  of  the 
p—  H  curve,  whereas  H  =  100  lies  below  the  bend  in 
the  p  —  H  curve  in  every  case  that  has  come  to  my 
notice.  Thisisillustrated  in  the  accompanying  tableand  ^ 
Fig.  2  for  Alloy  2Ni  204.     Here  it  will  be  noticed  that'J 
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the  p—  H  curve  is  a  straight  line  down  to  H  =  200 
but  that  for  lower  values  of  H,  the  points  lie  on  another 
straight  line  having  a  greater  slope  than  the  former. 
It  is,  therefore,  evident  that,  by  making  use  of  the  values 
for  H  =  100— as  Mr.  Gokhale  has  done — saturation 
values  are  obtained  that  in  every  case  are  too  low. 
All  of  my  values  were  computed  from  the  slopes  of  the 
p—  H  curves  above  H  =  200  as  shown  in  the  figure, 
and  may  therefore  be  considered  as  substantially  cor- 
rect, and  my  conclusion  that  Ni  does  not  improve  the 
saturation  value  of  pure  iron  still  holds. 

If  saturation  values  computed  from  the  data  ob- 
tained by  Burgess  and  Aston  show  an  increase  by  the 
addition  to  pure  iron  of  small  percentage  of  Ni  (7-10 
per  cent)  this  may  be  due  to  one  of  two  factors,  or  both, 
namely;  (1)  The  relatively  high  percentage  carbon  in 
their  pure  iron,  and  (2)  inaccuracy  of  testing,  inhereait 
in  the  method  used.  However,  my  results  check  theirs 
in  one  particular; — Ni  up  to  7  per  cent  increases  the 
permeability  of  pure  iron  at  high  inductions  (for  H  = 
100  to  400) ;  but — this  does  not  mean  that  the  satura- 
tion values  have  been  increased.  This  distinction 
should  be  kept  clearly  in  mind. 

In  regard  to  the  saturation  values  of  American  Ingot 
iron,  to  which  reference  is  made  by  Mr.  Gokhale,  I 
may  say  that  we  have  tested  many  samples  of  this  iron 
and  of  Armco  iron  (which  is  practically  the  same)  and 
have  obtained  saturation  values  of  22,()()0  for  the  mate- 
rial as  received.  When  this  material  is  vacuum  treated 
however,  the  saturation  values  can  be  raised  to  22,700 
or  practically  the  same  as  that  obtained  for  pure  vacuimi 
fused  electrolytic  iron.  The  conclusion  seems  therefore 
natural,  that  the  reason  for  the  lower  values  obtained 
by  Professor  Pierce  for  Ingot  and  by  Hadfield  and 
Hopkinson  for  the  purest  available  iron  (which  I 
believe  was  Swedish  charcoal  iron)  is  impurities  in  the 
samples,  either  gaseous  or  solid. 

The  method  for  measuring  the  saturation  value 
directly  as  proposed  by  Mr.  Gokhale — although  the 
principle  may  not  be  new —  is  undoubtedly  valuable 
in  so  far  as  it  may  be  used  as  a  check  on  the  extra- 
polation method,  but  otherwise  I  believe  the  latter  is 
sufficiently  accurate  and  simple  for  most  purposes. 

I  hope  I  have  succeeded  in  removing  any  further 
skepticism  that  may  exist  in  regard  to  the  reliability 
of  the  results. 

In  conclusion  I  wish  to  acknowledge  my  indebted- 
ness to  Mr.  Thomas  Spooner  and  his  assistants,  for 
the  magnetic  testing. 


Presented    at  the  30th  Annual  Convention  of  tlu 
American  Institute  of  Electrical  Rnginetrs  White 
Sulphur    Springs,    W.    Va.,   June  2q,   1920. 

Copyright  1920.     By  A.  I.  E.  E. 


AN  ENGINEERING  ANALYSIS  OF  THE  LABOR 

PROBLEM 

Presidents  Address 


BY  CALVERT  TOWNLEY 


THE  Constitution  prescribes  that  the  President  must 
deliver  an  address  at  the  Annual  Conven- 
vention, — whether  you  want  to  hear  it  or  not. 
It  has  been  sometimes  customary  for  the  Executive 
who  is  about  to  retire  from  office  to  summarize  the 
achievements  of  his  term.  It  has  seemed  to  me  that 
these  have  been  better  chronicled  as  they  occurred  in 
the  pages  of  your  Journal.  The  pastime  of  prophecy 
has  some  attractions,  but  is  of  doubtful  value,  and 
somewhat  dangerous  as  well.  The  advances  in 
the  art  are  well  covered  by  many  valuable  technical 
papers  of  the  year  including  those  which  are  to  be  sub- 
mitted at  this  tilonvention.  There  remain  broad  public 
questions  regarding  which  engineers  are  peculiarly 
well  qualified  to  have  opinions  and  to  influence  the 
opinions  of  others  and  it  has  therefore  seemed  to 
me  that  I  might  perhaps  come  nearer  justifjdng  the 
constitutional  provision  by  dealing  with  one  of  these. 
One  of  the  most  important  problems  which  the 
American  people  now  have  to  solve  is  that  of  the  rela- 
tions between  the  employer  and  the  employee  classes^ 
generally  referred  to  as  capital  and  labor.  A  large 
measure  of  our  national  success  will  depend  upon  this 
solution,  and  as  engineers  are  even  more  directly  affect- 
ed by  and  therefore  more  intimately  connected  with 
industrial  prosperity  than  are  the  other  professions, 
for  example,  of  law,  medicine  and  theology,  it  is  more 
obviously  their  duty  to  assist  in  the  solution  of  the 
problem  as  much  as  they  can.  Although  this  subject 
has  been  voluminously  discussed  by  numberless  people 
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for  a  long  time/  it  has  usually  been  treated  from  the 
standpoint  of  what  ought  to  be — according  to  the 
views  of  one  or  the  other  of  the  interested  parties. 
Questions  of  justice  and  injustice,  l^ality,  the  so- 
called  "ri^ts"  of  labor  and  the  protection  of  capi- 
tal, of  expediency,  are  brought  in.  There  is  one  angle 
from  which,  so  far  as  I  know,  it  has  not  been  treated, 
namely  from  the  standpoint  of  what  is,  instead  of 
what  ought  to  be;  that  is  to  say,  from  the  engineer- 
ing standpoint,— one  of  fact,  human  nature  and  of 
economic  laws  as  contrasted  with  the  laws  enacted  by 
man.  It  therefore  may  be  now  opp<ntune,  especiaDy 
to  this  audience,  to  offer  a  contribution  from  this  view 
point,  with  the  belief  that  the  direction  of  the  atten- 
tion of  the  members  of  our  organization  to  the  funda- 
mentals of  so  important  a  question  may  serve  to  clear 
away  some  of  the  fog  which  always  seems  to  be- 
cloud the  view. 

To  begin  with,  the  first  law  of  nature  is  self  preser- 
vation. It  is  manifested  in  its  hi^est  form  as  patri- 
otism, in  its  lowest  as  sordid  greed.  Between  these 
two  extremes  appear  all  forms  of  selfishness,  many  of 
them  by  no  means  blameworthy,  others  under  control, 
or  not  infrequently  dormant,  but  nevertheless  certain 
to  manifest  themselves  when  circumstances  compel. 
For  example,  selfishness  is  the  actuating  motive  in 
barter.  It  leads  the  seller  to  try  to  sell  at  the  highest 
price  and  the  buyer  to  try  to  buy  at  the  lowest.  Barter 
and  trade  are  at  the  foundation  of  industry  and  hav- 
ing been  always  recognized  as  essential  to  prosperity 
have  been  encouraged  and  protected.  This  form  of 
selfishness  has  acquired  great  respectability — but  while 
the  practise  of  matching  wits  in  trade  is  supported  by 
the  people  of  all  lands,  the  sanctity  of  contract  is  also 
fundamental,  i  e.,  that  form  of  selfishness  which  leads 
to  the  violation  of  an  agreement  once  made  is  every- 
where decried  and  condemned.  It  has  been  demon- 
strated that  selfish  human  nature  will  assert  itself  and 
that  good  faith  cannot  be  relied  upon,  therefore  re- 
course has  been  had  to  another  powerful  trait,  fear. 
The  exercise  of  the  police  power,  with  its  penalties 
for  transgression,  is  based  on  fear  of  consequences. 
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The  ideal  condition  for  barter  is  where  both  parties 
are  absolutely  free  agents  and  neither  therefore  under 
duress.  Although  such  a  condition  is  seldom  realized, 
when  the  duress  becomes  so  extreme  as  to  constitute 
oppression,  the  desperation  of  the  oppressed  may  be 
coimted  upon  to  devise  resistance.  Just  as  surely  as 
political  oppression  has  throughout  all  history  led  to 
political  revolution,  so  has  conunercial  oppression 
caused  commercial  revolution.  Too  great  power, 
if  continued  long  enough,  will  always  be  abused  and 
just  as  such  power  in  government  becomes  tyranny, 
similarly  too  great  advantage  in  barter  begets  com- 
mercial robbery.  These  statements  soimd  like  plati- 
tudes and  I  should  hesitate  to  repeat  them  were  it 
not  for  the  fact  that  they  not  only  bear  directly  on  the 
present  situation  between  labor,  capital  and  the  public 
but  they  seem  to  be  so  frequently  forgotten  or  ignored. 
Please  remember  that  I  am  not  blaming  or  praising 
any  one.  I  am  trying  to  recite  cold  facts  and  to  call 
things  by  their  right  names. 

In  the  time-honored  barter  between  employer  and 
employee,  the  employer  formerly  held  the  strategic 
position.  If  he  refused  to  pay  the  wages  demanded 
by  any  individual  there  was  usually  some  one  else 
willing  to  accept  a  lower  rate  and  the  unemployed  one, 
not  being  mobile  and  usually  having  to  work  to  live, 
was  soon  forced  to  yield.  As  business  concerns  grew 
larger  this  advantage  naturally  increased  and  just  as 
naturally  the  employers'  power  was  abused.  By  and 
by  the  resulting  oppression  became  sufficiently  acute 
to  provoke  general  resistance  and  the  labor  xmion  came 
into  being.  Workmen  banded  together  to  eliminate 
competition  among  themselves.  It  should  be  noted  that 
the  establishment  of  unions  did  not  suspend  the  oper- 
ation of  the  law  of  supply  and  demand ;  rather  did  it  al- 
low that  law  freer  play  by  c  ounterbalancing  the  power  of 
the  union  against  the  previous  strategic  advantage  of  the 
employer.  The  effect  was  generally  beneficial  because  it 
corrected  an  evil,  and  the  general  public  while  not  par- 
ticularly interested  looked  on  approvingly.  But  early 
in  their  history  the  unions  made  a  serious  although  not  a 
surprising  blunder.    They  set  up  a  system  of  contracts 
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between  employer  and  employee  and,  because  they 
could  escape  doing  so,  provided  no  means  by 
which  the  workmen  could  be  penalized  for  violation, 
except  by  the  union  itself.  This  flagrant  flouting 
of  a  fundamental  did  not  for  a  time  have  any  serious 
effect,  but  the  blunder  once  made  was  never  thereafter 
corrected  and  it  is  probable  that  even  today  it  would 
be  diflicult  to  And  a  labor  leader  who  could  be  made  to 
see  the  seriousness  of  this  mistake,  much  less  to  endeavor 
to  rectify  it.  I  pass  quickly  over  a  long  period  of 
years  after  the  flrst  organization  of  imions  during 
which  unionism  had  its  ups  and  downs  and  came  to 
be  regarded,  if  not  with  equanimity,  at  least  with  tol- 
erance by  the  employer  class,  and  come  to  the  recent 
period  of  the  World  War.  Here  an  entirely  new  condi- 
tion was  created — an  imperative  demand  for  men 
came  up  almost  overnight.  It  simply  had  to  be  satis- 
fied at  no  matter  what  price.  At  the  same  time  not 
only  was  the  supply  diminished  by  those  required 
for  the  armed  forces  but  immigration  stopped  as  well. 
The  effect  on  the  price  of  labor  was  axiomatic — it 
rose.  The  unions  being  the  vehicles  through  which 
the  demands  of  many  classes  of  workmen  could  most 
readily  be  expressed  at  once  became  active.  The  law 
of  supply  and  demand  was  fighting  on  their  side  and 
they  made  the  most  of  it.  Wages  and  prices  rose  to 
hitherto  unheard-of  figures.  Labor  had  too  much 
power;  its  demands  had  to  be  met  whether  or  no, 
and  of  course  it  abused  its  power.  Then  the  unions 
made  another  mistake.  They  credited  too  much  of 
their  successes  to  their  organization  and  failed  to  appre- 
ciate the  part  played  by  the  law  of  supply  and  denland, 
also  they  underestimated  the  power  of  resistance  which 
could  be  engendered  by  oppression.  In  their  turn 
they  became  the  oppressors — insistent,  arrogant. 
Where  their  principal  weapon,  the  strike,  was  not 
effective  as  against  the  employer  class  in  one  industry, 
they  enlisted  the  workmen  in  other  industries,  and 
who  had  no  grievance,  in  sympathetic  strikes. 
They  asserted  their  power  to  dominate  the  public  con- 
venience, safety  and  health  in  order  to  coerce  their 
opponents  into  submission  to  their  will.    Were  it  nec^ 
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essary  I  could  recite  many  specific  instances  to  prove 
this  fact  but  I  assume  it  to  be  so  generally  known  and 
accepted  that  a  recital  would  be  superfluous.  Now 
this  is  the  condition  to  day  and  it  is  one  which  has 
caused  much  grave  concern  and  has  produced  many 
strange  ideas.  We  hear  that  anew  order  of  things 
has  come  to  pass;  that  the  "rights'*  of  labor  must 
now  be  respected;  that  the  workman  will  hereafter 
have  a  greater  share  of  the  products  of  his  toil;  that 
he  must  share  in  the  management  of  industry  and 
have  a  recognized  place  in  government,  and  the  like. 
To  my  mind  the  facts  warrant  none  of  these  assump- 
tions. There  is  no  new  order, — economic  laws  are 
the  same  as  they  always  have  been.  They  are  as  ruth- 
less and  as  inexorable  as  are  the  laws  of  physics. 
Neither  has  human  nature  changed.  The  unions  are 
in  the  saddle,  but,  to.  use  a  hunting  expression,  they 
are  riding  for  a  fall.  Please  let  me  remind  you  again 
that  I  am  not  blaming  the  unions,  or  any  one  else.  I 
am  trying  to  confine  myself  to  statements  of  facts  and 
to  logical  opinions  based  thereon  according  to  the 
precept  and  training  of  the  engineer.  Suppose  we 
analyze  the  f imdamentals. 

In  our  system  of  govermnment  where  every  man 
can  vote  and  have  his  vote  counted,  and  with  our 
multitude  of  newspapers  informing  everybody  of  what 
is  going  on,  there  is  little  chance  that  a  condition  can 
arise  such  as  that  of  China  or  of  Russia  or  even  of 
Germany.  Further  while  we  talk  a  great  deal  of  politi- 
cians and  parties,  we  know  that  on  any  really  vital 
question  the  people  are  going  to  make  up  their  minds 
themselves  and  will"  elect  men  who  will  carry  out  the 
wishes  of  the  majority.  In  other  words  the  great  ma- 
jority  rules. 

The  number  of  workmen  in  labor  unions  is  variously 
estimated  to  be  from  ten  to  forty  per  cent  of  the  men 
employed  in  trades  where  there  are  unions.  These 
figures  represent  the  extreme  claims  of  the  contend- 
ing parties.  We  shall  probably  not  be  far  wrong  if 
we  take  a  compromise  figure  of  say  20  per  cent.  In 
the  largest  class  of  all,  the  farmer  there  are  no  unions 
and  similarly  none  in  many  other  avocations,  so  if 
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we  consider  the  total  voting  strength  of  the  country, 
the  percentage  of  men  in  unions  is  certainly  not  over 
10  per  cent  and  probably  not  over  5  per  cent.  Of 
this  small  proportion  a  few  are  the  leaders,  a  larger 
number  enthusiastic  followers  and  the  great  ma- 
jority largely  governed  by  conditions.  By  that  I  mean 
they  are  loyal  unionists  when  the  union  is  succeeding 
but  desert  on  small  provocation  when  it  is  defeated. 
This  is  almost  obviously  true  because  the  workmen 
are  banded  together  to  accomplish  selfish  purpose  and 
no  other.  The  individual  workman  cares  no  more 
for  his  fellow  as  a  class  than  does  the  employer.  It 
follows  therefore  that  a  union  must  continue  to  suc- 
ceed or  it  will  disintegrate  and  disappear.  The  history 
of  the  last  thirty  years  has  recorded  many  once  power- 
ful unions  even  the  names  of  which  are  now  almost 
forgotten.  The  "Knights  of  Labor*'  and  "The  Amal- 
gamated Association  of  Iron  and  Steel  Workers"  are 
two  examples  which  illustrate  this  point.  The  strength 
of  organization  contending  against  the  mob  is  very 
great  and  it  is  probably  true  that  so  small  a  propor- 
tion as  ten  per  cent  or  even  as  five,  would  prevail 
under  these  conditions.  That  in  fact  is  the  situation 
confronting  the  nation  today.  This  small  organized 
percentage  supported  by  the  operation  of  the  law  of 
supply  and  demand  has  prevailed,  but  looking  into 
the  future,  it  seems  clear  that  there  is  only  needed 
a  sufficient  incentive  to  induce  the  unorganized  95  per 
cent,  or  even  a  small  part  of  them,  to  get  together  in 
opposition  to  the  five  per  cent  in  order  that  tJie  latter 
may  be  overwhelmed.  This  incentive  has  been  or 
will  be  furnished  by  union  oppression.  I  say  "has 
been  or  will  be"  because  the  abuse  of  too  great  power 
always  grows.  Therefore  if  the  unions  shall  stilj 
continue  to  gain  their  ends,  even  in  the  face  of  their 
present  insolence  and  ruthless  disregard  of  others, 
their  arrogance  and  self  confidence  bom  of  such  suc- 
cesses, will  inevitably  lead  them  on  to  acts  of  greater 
and  yet  greater  oppression  until  they  force  their  op- 
ponents to  combine  against  them  for  defense  or  even 
for  self  preservation.  The  moneyed  class  never  has 
had,  and  probably  never  will  have  much  sympathy  op 
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cooperation  from  the  general  public  for  th^  very  ob- 
vious reason  that  the  general  public  is  jealous  of  it. 
Sympathy  goes  naturally  to  those  who  are  worse  oflf. 
The  moneyed  class  being  better  off  than  the  great 
majority  therefore  comes  in  for  sympathy  with  a  minus 
sign,  that  is,  jealousy.  An  incentive  which  will  in- 
duce the  public  to  oppose  the  unions  can  therefore 
be  sufficient  only  when  the  reason  is  strong  enough  to 
overcome  this  jealousy.  That  reason  becomes  suffi- 
cient when  the  need  for  self  preservation  is  made 
clearly  apparent.  Already  there  are  indications  that 
the  people  will  not  much  longer  submit  to  dominap- 
tion  by  the  imions.  The  Governor  of  Massachusetts 
defied  them,  was  shortly  thereafter  reelected  by  an 
abnormally  large  majority  and  has  now  been  nominated 
on  the  Republican  National  ticket  for  Vice-President 
which  latter  distinction  it  is  safe  to  say  he  owes  almost 
entirely  to  this  incident.  The  State  of  Kansas  has 
enacted  a  law  to  curb  imion  interference  with  the  peace 
and  comfort  of  her  citizens  and  her  Governor  has  be- 
come a  popular  National  figure  in  consequence.  The 
temper  of  much  of  the  daily  press  has  changed,  and 
where  formerly  there  was  much  said  about  the  so- 
called  "living  wage"  and  criticism  of  "capitalistic 
greed"  "there  now  appear  articles  about  the  vicious 
cycle  of  mounting  wages  and  costs",  "loafing  on  the 
job"  and  the  "need  to  teach  the  people  thrift  and 
economy".  These  and  other  signs  are  merely  sjnnp- 
toms  of  the  incentive  to  resistance  that  may  be  expected 
to  be  superinduced  by  oppression.  The  aroused  pub- 
lic would  not  be  just  to  the  unions,  and  an  attack  once 
thoroughly  laimched  might  be  expected  to  go  further 
than  it  should.  However  I  am  not  here  discussing 
justice  or  how  either  party  should  behave  but  rather 
what  they  have  done  in  the  past  and  imder  pressure 
of  human  nature  and  economic  laws  most  certainly 
will  do  in  the  future. 

Whether  or  not  an  aroused  public  does  curb  union 
domination,  the  present  high  wage  era  will  not  be 
radically  affected.  That  is  a  condition  controlled, 
not  by  the  unions  at  all,  but  by  the  law  of  supply  and 
demand.    Even  the  complete  abolition  of  the  unions 
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while  it  might  check  further  increases  and  perhaps  bring 
about  some  recessions,  and  while  it  would  reduce  living 
costs  some  what  by  cutting  out  interruptions,  and  tend  to 
increase  production,  would  not  itself  either  increase  the 
supply  of  workmen  available  nor  decrease  the  demand  for 
their  services.  Indeed  while  I  have  discussed  the  fun- 
damentals of  barter  between  the  employer  and  the  em- 
ployee and  have  endeavored  to  show  the  natural  re- 
actions resulting  from  barter  with  either  party  under 
duress,  it  is  not  at  all  certain  that  conditions  will  be- 
come so  extreme  as  to  bring  about  the  reaction  de- 
scribed. That  is  to  say,  instead  of  the  abuse  of 
power  by  the  unions  being  curbed  by  the  organized 
opposition  of  other  classes  of  our  people  it  may  be  re- 
duced or  even  thwarted  by  the  operation  of  the  law 
of  supply  and  demand.  Lest  I  may  be  misunderstood 
I  might  here  state  that  because  I  have  been  confining 
myself  to  a  discussion  of  the  relations  between  the 
employer  and  the  employee  and  have  had  much  to 
say  about  the  employee's  abnormally  hi^  wages,  I 
do  not  want  to  be  understood  as  giving  that  condi- 
tion as  the  only  cause  of  the  prevailing  high  prices.  Ad- 
vantage has  very  generally  been  taken  of  the  opportunity 
to  increase  profits  by  those  who  had  wares  to  market, 
which  is  only  another  way  of  saying  again  that  sel- 
fishness is  a  universal  trait  of  which  no  class  or  classes 
has  a  monopoly.  A  bettering  of  conditions  may  be 
affected  by  a  decrease  in  the  demand  for  or  an  increase 
in  the  supply  of  labor.  Already  there  is  a  marked  re- 
duction in  the  sales  of  certain  products  resulting  from 
an  unwillingness  or  the  inability  of  many  people  to 
pay  the  exorbitant  prices  asked.  Government  re- 
ports of  falling  exports  indicate  that  the  expected  les- 
sening of  the  foreign  market  for  our  high  priced  pro- 
ducts is  approaching  and  it  is  not  at  all  unlikely  that 
this  may  be  followed  by  heavy  increases  in  our  imports 
which  will  displace  American  made  goods.  This  re- 
sult may  come  about  both  because  foreign  nations 
are  getting  into  their  stride  of  production  again  and 
because  the  high  prices  prevailing  here  have  naturally 
created  an  attractive  market.  A  combination  of  these 
and  other  conditions  will  reduce  the  demand  for  our 
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products  and  consequently  for  the  workmen  to  pro- 
duce them.  The  inmiigration  authorities  of  the  port 
of  New  York  report  their  facilities  overtaxed  to  handle 
the  large  numbers  coming  to  our  shores,  and  say  that 
even  those  numbers  would  be  far  larger  if  there  were 
only  more  ships /to  carry  the  people  who  want  to  come. 
It  is  natiu^l  to  suppose  that  as  the  heavy  burdens  of 
after-war  taxation  are  brought  home  to  the  foreign 
peo|)le  an  increasing  percentage  will  seek  to  escape 
them  by  coming  here  to  live,  and  also  that  the  gradual 
restoration  of  trans-Atlantic  shipping  to  its  normal 
schedules  will  afford  the  greater  facilities  thus  demanded . 
This  augmentation  of  population — largely  workmen 
of  course,  will  swell  our  supply  and  likewise  tend  to 
correct  any  shortage  that  may  exist. 

If  my  analysis  of  the  facts  is  correct,  it  is  clear  that 
the  present  domination  by  organized  labor  is  tempo- 
rary and  also  that  the  era  of  high  prices  will  pass. 
Therefore,  no  material  permanent  change  in  either  our 
social  order  or  in  our  industrial  structure  is  to  be  an- 
ticipated. In  the  contest  between  brains  and  brawn, 
waged  since  the  world  began,  brains  have  always  won 
and  brains  always  will.  Free  play  for  the  natural 
forces  of  trade  may  be  counted  upon  to  exercise  a  benefi- 
cent influence  and  it  should  be  hampered  and  inter- 
fered with  by  government  restrictions  as  little  as  pos- 
sible. We  cannot  of  course  determine  from  history 
or  from  any  facts  at  hand,  how  long  a  time  it  will  take 
for  conditions  to  become  normal  again  but  what  we 
need  now  is  clear  thinking,  courage  and  patience.  I 
know  that  we  can  rely  on  the  engineer  for  clear  think- 
ing and  I  haven't  the  slightest  doubt  about  his  coiu^ge, 
but  I  am  not  so  sure  about  his  patience.  You  should 
be  leaders  of  thought  in  your  several  circles.  You 
can  help  to  allay  much  of  the  present  anxiety  about  the 
so-called  unrest  and  the  apprehension  as  to  the  future; 
therefore  I  feel  warranted  in  asking  you  to  give  your 
close  consideration  to  the  subject  matter  of  what  I 
have  said  this  morning. 


Presented  at  th«  30th  Annual  Comwtnikm  of  tka 
American  InstUuU  of  BUctrical  Engint^rs,  WhiU 
Sulphur    Springs,    W,    Va.,  June    ap.     1920. 

Copyright  1920.     By  A.  I.  E.  E. 


ANNUAL  REPORT  OF  TH^ 
ELECTROCHEMISTRY  AND  ELECTRO- 
METALLURGY COMMITTEE 

To  the  Board  of  Directors. 

T^HE  chairman  of  the  Electrochemistry  and  Electro- 
metallurgy  Conmiittee  for  the  year  1917-1918 
suggested  to  the  Board  of  Directors  of  the  American 
Electrochemical  Society  that  it  should  approach  the 
A.  L  E.  E.  with  the  idea  of  forming  a  joint  conmiittee 
to  consider  matters  that  were  of  conmion  interest  to 
the  two  societies.  Such  a  committee  could  consider 
papers  which  might  be  of  importance  to  both  societies, 
could  bring  to  each  society's  attention  matters  of  com- 
mon interest  and  make  arrangements  for  occasional 
joint  meetings.  The  result  was  that  the  Board  of  the 
American  Electrochemical  Society  appointed  Messrs. 
Fink,  Parmelee  and  Schluederberg  "to  cooperate  with" 
this  Committee. 

Nothing  was  done  in  this  matter  in  the  year  1918- 
1919;  but  this  year  it  was  taken  up  again  with  the 
result  that  a  joint  meeting  of  the  A.  I.  E.  E.  and  the 
A.  E.  S.  was  held  in  Boston  April  9th,  1920.  The 
meeting  was  successful,  the  combined  registration 
amounting  to  about  425,  with  the  result  that  the  seating 
space  of  the  rooms  used  for  meeting  was  somewhat 
overtaxed. 

It  is  believed  that  the  occasional  holding  of  joint 
meetings  with  the  A.  E.  S.  similar  to  that  held  this 
year  is  desirable  and  it  is  suggested  that  the  plan  be 
followed  up  next  year  when  an  even  more  successful 
joint  meeting  might  be  held.  The  weak  point  of  the 
April  meeting  was  the  failure  to  print  in  advance 
some  of  the  papers  presented  at  the  meeting  by  mem- 
bers of  the  A.  I.  E.  E.    The  blame  for  this  rests  with 
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the  chairman  of  your  committee  who  had  not  provided 
for  his  unforseen  detention  in  Europe  during  the  first 
part  of  the  year,  with  the  result  that  sufficient  time 
was  not  giveif  to  authors  to  prepare  their  papers  before 
the  meeting.  The  printing  of  the  papers  in  advance 
of  the  meeting  is  important  so  as  to  stimulate  discussion 
and  the  exchange  of  views  between  the  members  of  the 
two  societies  which  have  so  much  ground  of  conunon 
interest. 

Francis  A.  J.  FitzGerald,  Chairman. 
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ANNUAL  REPORT  OF  THE  COMMITTEE  ON 
ELECTRICAL  MACHINERY 

To  the  Board  of  Directors. 

T^HE  Committee  on  Electrical  Machinery  placed 
before  itself  the  aim  to  cover  as  nearly  as  possible 
the  range  of  work  in  which  there  had  been  changes  of 
importance  which  had  not  yet  become  a  matter  of 
record  in  the  Transactions  of  the  Institute. 

The  Committee  joined  with  other  committees  in  the 
presentation  of  papers  at  the  Midwinter  Convention  on 
the  general  subject  of  super  power  stations  for  the 
eastern  coast  states.  This  subject  will  receive  renewed 
attention  from  time  to  time. 

The  polyphase  alternating-current  commutator 
motor  for  variable  speed  operation  received  compre- 
hensive treatment  in  two  papers,  one  by  B.  G.  Lamme, 
presented  before  the  Schenectady  Section,  and  the 
other  by  John  I.  Hull,  to  be  presented  at  the  Annual 
Convention. 

The  subject  of  temperature  measurements  in  large 
alternating-current  generators  and  allied  questions 
received  a  complete  and  exhaustive  treatment  in  four 
papers  to  be  presented  at  the*  Annual  Convention. 
Rationalization  of  temperature  measurements  and 
uniformity  of  policy  have  been  established  as  a  result 
of  these  papers  and  of  the  investigations  which  led  up 
to  them. 

A  mathematical  paper  by  R.  E.  Oilman  discusses  the 
losses  due  to  eddy  currents  in  stranded  conductors 
embedded  in  slots,  thus  canying  on  further  the  funda- 
mental work  begun  by  A.  B.  Field. 

A  symposium  of  papers  on  the  design  and  the 
operating  characteristics  of  welding  machinery  has 
been  arranged  for  the  Annual  Convention  so  as  to  make 
a  record  in  the  Transactions  of  the  progress  made  in 
this  important  direction. 
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In  presenting  this  brief  report,  the  Chairman  desires 
to  point  out  that  he  has  considered  it  the  essential 
function  of  his  Committee  to  trace,  through  the  papers 
solicited  and  the  meetings  arranged,  the  progress  of 
the  art  which  it  was  desired  to  record.  Thus  it  is 
unnecessary  to  deal  again  here  with  the  subject  matters 
comprehensively  presented  in  the  papers. 

In  conclusion,  the  Chairman  wishes  to  thank  the 
members  of  his  Committee  for  their  support  and 
co-operation. 

B.  A.  Behrend,  Chairman 
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ANNUAL  REPORT  OF  THE  PROTECTIVE 
DEVICES  COMMITTEE 

To  the  Board  of  Directors: 

T^ARLY  in  the  year  the  Protective  Devices  Com- 
mittee appointed  a  number  of  sub-committees  to 
investigate,  study  and  report  on  various  subjects  and 
these  are  discussed  in  some  detail  in  the  following 
summary. 

Subcommittee  on  Term,  "Instantaneous  Relay" 
E.  E.  F.  CREIGHTON,  chairman 

This  Subcommittee  resulted  from  the  criticism  of 
the  term  'instantaneous"  as  applied  to  a  relay,  it  being 
contended  that  the  term  did  not  properly  describe  the 
device.  A  number  of  other  terms  were  suggested  of 
which  the  term  "quick  acting"  appeared  to  have  the 
preference.  On  account  of  the  wide  diversity  of 
opinions  among  the  members  of  the  committee  on  the 
subject,  no  definite  recommendation  has  been  made, 
and  it  was  agreed  that  the  Chairman  of  the  Sub- 
committee would  summarize  the  various  opinions  on 
the  subject  and  submit  them  for  publication  in  the 
Journal. 

Subcommittee  on  Schemes  of  Relay  Protection 

p.  H.  chase,  chairman 

Following  the  recommendation  in  the  Report  of  the 
Committee  last  year,  a  number  of  letters  were  written 
to  the  executives  on  a  selected  list  of  operating  com- 
panies, and  about  thirty-five  replies  have  been  received 
from  companies  who  were  willing  to  cooperate  in  the 
work  assigned  to  this  subcommittee,  and  one  of  their 
engineers  delegated  as  the  correspondent  on  the  sub- 
ject. Questionnaires  regarding  schemes  of  relay  pro- 
tection have  been  forwarded  to  these  correspondents. 
The  United  States  and  Canada  has  been  divided  into 
six  geographical  sections  and  each  section  has  been 
assigned  to  a  member  of  the  subcommittee  who  is 
with  an  operating  company  in  that  district.    These 
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members  are  charged  with  examination  and  classifica- 
tion of  replies  received  and  with  distribution  of  the 
information  to  the  other  members  of  the  subcommittee. 
It  is  felt  that  the  work  of  the  subcommittee  to  date 
has  been  very  largely  of  a  preliminary  nature  and  that 
its  value  will  be  more  apparent  later  in  the  year. 

Subcommittee  on  Oil  Circuit  Breakers 
AND  Switches 

H.  R.  WOODROW,  chairman 

This  Subcommittee  is  cooperating  with  similar 
committees  of  the  National  Electric  Light  Association 
and  the  Power  Club,  and  is  securing  information  on  the 
subject  from  a  limited  number  of  the  larger  operating 
companies.  There  has  not  been  sufficient  time  since 
the  request  for  information  was  issued,  to  secure 
answers  from  the  various  companies  and  to  summarize 
the  results.  The  subject  of  high-tension  fuse  protec- 
tion has  also  been  referred  to  this  Subcommittee. 

Subcommittee  on  System  Disturbances 
D.  w.  ROPER,  chairman 

It  was  the  opinion  of  a  number  of  members  of  the 
Committee  that  the  serious  system  disturbances 
experienced  by  the  operating  companies  were  due  in  a 
large  measure  to  the  defective  action,  or  perhaps  the 
absence,  of  suitable  protective  devices,  and  that  a 
study  of  such  disturbances  might  indicate  the  lines 
along  which  the  future  work  and  study  of  the  Protec- 
tive Devices  Committee  should  properly  be  directed. 
The  members  of  the  Subcommittee  are  interchanging 
information  on  this  subject  and  in  recent  months  have 
been  somewhat  embarrassed  by  the  amount  of  data 
available.  An  unusually  large  percentage  of  the 
larger  operating  companies  have  experienced  severe 
system  disturbances  and  in  some  cases  the  behavior  of 
the  protective  devices  was  an  important  factor  in  the 
disturbances.  The  Subcommittee  is  now  endeavoring 
to  formulate  some  standard  method  of  reporting  on 
such  matters,  so  that  the  reports  can  be  properly 
condensed  and  summarized  and  be  made  available  for 
the  purposes  of  the  Protective  Devices  Committee. 
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Subcommittee  on  Reactors 
F.  E.  RICKETTS,  chairman 

In  the  last  few  years  there  has  been  a  marked  im- 
provement in  the  design  of  reactors  such  as,  methods 
of  winding  to  reduce  eddy  currents,  improvements  in 
structure  to  increase  the  insulation  strength,  and  to 
work  the  copper  to  the  best  advantage.  In  some 
cases  this  improvement  in  design  has  been  taken 
advantage  of  to  reduce  the  size  of  the  reactor  so  that 
the  coils  of  today  are  small  when  compared  with  those 
of  equal  rating  built  a  few  years  ago.  This,  however, 
is  not  a  feature  that  should  be  carried  to  extremes  as 
the  current  limiting  reactor  is,  fundamentally  a 
protective  device  and  this  function  should  be  fully 
recognized  in  its  development.  Every  effort  should 
be  toward  the  perfection  of  the  design  to  avoid  failure 
of  the  device  itself  and  at  the  same  time  avoid  the 
reduction  of  any  of  the  protective  features. 

The  application  of  reactors  has  been  reviewed  at 
different  times  in  papers  presented  before  the  Institute 
and  various  schemes  of  connection  have  been  proposed ; 
but  there  is  still  some  difference  of  opinion  as  to  the 
proper  place  to  insert  reactors  to  obtain  the  best 
results,  and  there  are  many  factors  entering  into  this 
question.  Each  application  requires  a  separate  study 
but  in  general  the  best  protection  for  the  service  is 
obtained  by  installing  the  reactors  in  individual 
feeders,  and  this  is  the  practise  followed  by  most 
companies  provided  the  necessary  space  is  available. 
However,  some  engineers  prefer  to  sectionalize  the 
system  by  inserting  reactors  in  the  bus,  but  when  this 
is  done,  consideration  should  be  given  to  the  possbility 
of  increasing  the  chance  of  the  different  sections  getting 
out  of  synchronism  which  becomes  very  much  of  an 
operating  menace  where  the  amount  of  reactance  in 
the  circuits  of  the  generators  is  much  greater  than  that 
necessary  to  give  the  greatest  synchronizing  power. 

Subcommittee  on  Resistors  for  Use  with 
Potential  Transformer  Fuses 

R.  N.  CONWELL,  chairman 
One  of  the  larger  companies  in  New  York  has  made 
some  elaborate  and  complete  short-circuit   tests  on 
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potential  transformer  fuses  installed  with  and  without 
protective  resistors  in  series.  Following  these  tests  a 
number  of  companies  in  and  around  New  York  have 
adopted  the  standard  practise  of  installing  protective 
resistors  in  series  with  the  potential  transformer  fuses 
which  are  connected  to  their  high-tension  buses  for 
the  purpose  of  limiting  the  current,  and  in  this  manner 
preventing  damage  to  apparatus  or  interruption  to 
service  which  had  previously  occurred.  A  summary 
of  the  results  of  the  investigations,  with  the  practise  of 
the  several  companies  is  being  prepared  for  submission 
to  the  Publication  Committee  for  use  in  the  Journal. 
A  canvass  by  the  Chairman  brought  forth  the  informa- 
tion that  certain  other  companies  are  using  a  different 
type  of  fuse  which  has  given  excellent  results  in  service, 
and  which  does  not  require  the  use  of  a  protective 
resistor  in  series. 

Primary  Cutouts  for  Line  Transformers 

This  subject  was  discussed  at  some  length  in  the 
meetings  of  the  Committee.  It  was  the  opinion  of  a 
number  of  the  members  of  the  committee  that  are 
connected  with  operating  companies  that  the  develop- 
ment of  primary  cutouts  for  line  transformers  had  not 
kept  pace  with  the  development  of  the  transformers 
themselves.  One  company  reported  they  had  con- 
siderably more  trouble  originating  in  the  primary 
cutouts  than  in  the  transformers  which  these  cutouts 
were  intended  to  protect.  Several  of  the  larger  com- 
panies install  the  larger  sizes  of  overhead  line  trans- 
formers and  all  sizes  of  subway  types  of  transformers 
in  manholes  without  any  primary  cutout  as  their 
experience  indicates  that  they  have  fewer  interruptions 
in  this  manner  than  they  would  if  they  attempted  to 
use  cutouts  with  these  transformers.  It  is  the  opinion 
of  the  members  of  the  Committee  that  if  the  lai^ger 
manufacturing  companies  would  devote  as  much 
engineering  skill  to  improvements  in  primary  cutouts 
as  they  do  to  improving  the  design  of  line  transformers, 
this  difficulty  which  is  one  of  long  standing,  would  very 
quickly  be  eliminated. 

During  the  discussion  of  the  subject  of  primary 
cutouts  it  was  brought  out  that  one  of  the  laiigest  com- 
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panies  had,  some  years  ago,  abandoned  the  use  of  all 
types  of  cutouts  or  lightning  arresters  which  were 
enclosed  in  an  iron  case.  This  was  found  necessary  on 
account  of  the  troubles  with  these  devices  during  rain 
storms  and  wet  snow  storms,  and  that  the  diflSculty 
had  increased  with  the  size  of  the  generating  or  trans- 
forming units  which  supplied  the  current  to  the  lines 
on  which  these  devices  were  installed.  During  the 
past  year  another  large  operating  company  has  taken 
exactly  the  same  action  and  for  the  same  reason.  The 
Committee  therefore,  recommends  that  operating 
companies  take  note  of  this  situation  as  with  the  in- 
crease in  the  size  of  their  generating  and  transforming 
units  they  will  ultimately  be  called  upon  to  take 
similar  action  and  they  should,  therefore,  investigate 
types  of  such  devices  without  the  metal  enclosing  case 
with  a  view  to  its  adoption  for  their  future  work. 

During  the  year  the  Committee  has  xmdertaken  to 
make  investigations  which  will  not  be  completed  during 
the  fiscal  year.  The  Committee  members  who  are 
taking  an  active  part  in  this  work  all  feel  that  the  work 
is  not  only  of  particular  interest  to  the  members  of 
the  subcommittees,  but  should  ultimately  result  in 
something  of  value  to  the  Institute.  It  is  recommended 
that  the  investigations  of  these  subjects  be  continued 
next  year,  and  that  the  members  of  the  subcommittees 
who  have  been  actively  engaged  in  these  several 
investigations  be  continued  on  the  Protective  Devices 
Committee  during  the  ensuing  year. 

D.  W.  Roper,  Chairman. 


\ 


842  TECHNICAL  COMMITTEE  REPORTS 


ANNUAL  REPORT  OF  COMMITTEE  ON 
INSTRUMENTS  AND  MEASUREMENTS 

To  the  Board  of  Directors. 

'T'HE  Instruments  and  Measurements  Conmiittee 
submits  the  following  report  covering  its  own 
activities  during  the  past  year  and  the  developments 
and  progress  in  that  part  of  the  electrical  field  covered 
by  its  title. 

A  considerable  number  of  papers  was  arranged  for 
during  the  year  and  at  the  Mid-Winter  Convention 
in  February,  one  morning  session,  one  afternoon 
session  and  part  of  a  second  afternoon  session  were 
assigned  to  this  Committee.  A  most  interesting  and 
valuable  group  of  papers  was  presented.  The  sessions 
were  very  well  attended  and  the  discussion  was  limited 
only  by  the  available  time. 

The  papers  presented  at  the  sessions  referred  to 
above  are  as  listed  below: 

1.  "Measurements  of  Projectile  Velocities"  by 
Dr.  P.  E.  Klopsteg  and  Major  A.  L.  Loomis. 

2.  "A  New  Form  of  Vibration  Galvanometer"  by 
Dr.  P.  G.  Agnew. 

3.  "Precision  Galvanometer  for  Measuring  Thermo 
E.  M.  Fs."  by  Messrs.  T.  R.  Harrison  and  P.  D.  Foote. 

4.  "Notes  on  Sjmchronous  Commutators"  by  Pro- 
fessor J.  B.  Whitehead  and  Mr.  T.  Isshiki. 

5.  "Oscillographs  and  Their  Tests"  by  Professor 
A.  E.  Kennelly  and  Mr.  A.  A.  Prior. 

6.  "The  Accuracy  of  Commercial  Electrical  Measure- 
ments" by  Mr.  H.  B.  Brooks. 

Without  entering  into  a  complete  review  of  all  the 
papers  or  the  discussion,  brief  mention  should  be  made 
of  the  paper  on  the  Check  and  Calibration  of  Oscillo- 
graphs and  the  paper  on  the  Accuracy  of  Commercial 
Electrical  Measurements.  The  oscillograph  is  rather 
generally  used  as  a  means  of  practically  ultimate 
analysis  of  electrical  functions  and  phenomena,  and 
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the  paper  provides  the  means  of  checking  the  functions 
and  characteristics  of  the  oscillograph  itself.  The 
contribution  to  the  papers  of  the  Institute  entitled 
"The  Accuracy  of  Commercial  Electrical  Measure- 
ments" is  a  most  thorough  and  comprehensive  analysis, 
review  and  statement  of  the  characteristics  and 
limitations  of  the  many  commonly  used  electrical 
instruments.  This  paper  will,  without  doubt,  serve 
as  a  ready  reference  for  many  years  and  should  be  of 
value  to  many  engineers  in  other  than  actual  testing 
work.  It  covers  in  a  thorough  and  intelligent  manner 
the  errors  that  may  be  expected  in  the  use  of  various 
instruments  under  various  conditions. 

The  definition  of  power  factor  in  polyphase  circuits 
is  a  matter  that  has  been  active  and  of  interest  from 
many  angles  throughout  the  past  year.  While  it 
has  been  the  direct  work  of  a  Special  Joint  Committee 
of  the  N.  E.  L.  A.  and  the  A.  I.  E.  E.,  its  work  falls 
within  the  general  purview  of  this  committee  and  a 
brief  mention  in  this  report  seems  entirely  proper 
The  Special  Joint  Committee  canvassed  the  manu- 
facturing, operating,  scholastic  and  purely  engineering 
branches  of  the  electrical  industry  and  prepared  a 
report  of  its  findings.  It  was  intended  to  have  this 
report  presented  at  the  Mid- Winter  Convention  last 
February.  It  was  impossible,  however,  to  analyze  and 
intelligently  condense  in  the  form  of  a  report,  the 
volume  of  material  received.  It  was  decided,  there- 
fore, to  have  the  report  ready  for  presentation  at  the 
Summer  Convention  of  the  A.  I.  E.  E.  and  to  have  a 
session  assigned  to  the  general  subject.  Arrangements 
will  be  made  for  discussion  by  various  interested  in- 
dividuals to  present  the  point  of  view  of  various 
interests  affected  by  the  settlement  of  the  question. 
It  was  hoped  that  this  method  of  procedure  would 
provide  an  adequate  form  for  the  use  of  the  many 
interested  individuals  and  permit  the  ultimate  accept- 
ance of  a  satisfactory  solution  of  the  question. 

Your  committee  has  surveyed  the  field  of  manu- 
facture of  instruments  and  measuring  devices  and  finds 
in  general  a  few  reports  of  new  developments,  some 
reports  on  standardization  and  adaptation  to  commer- 
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cial  usage  of  the  designs  dictated  by  the  war  and 
practically  unanimous  reports  from  all  of  the  miinu- 
facturers  of  extreme  difficulty  in  contending  with  the 
shortage  of  material  and  labor  turnover  in  the  pro- 
duction of  the  standard  and  accepted  lines  of  apparatus. 

The  various  companies  manufacturing  watthour 
meters  and  demand  devices,  practically  all  report  the 
completion  of  experimental  models,  finished  designs 
or  actual  production  of  devices  for  measuring  kv-^-hr. 
and  demand  devices  for  measuring  the  demands  of 
kv-a.  and  kw.  and  power  factor.  These  various 
devices  may  make  the  measurements  separately  or 
simultaneously  on  a  single  record.  Further  there  is 
a  steady  continuation  in  the  development  and  standard- 
ization of  maximum-demand  devices  to  complete  the 
series  of  devices  suitable  for  easy  adaptation  to  d-c. 
watthour  meters,  a-c.  watthour  meters  and  various 
frequencies. 

Aside  from  the  adaptation  to  various  tjrpes  of  meters 
there  is  the  continuation  of  the  development  pro- 
viding devices  actuated  on  the  time  basis,  either  on 
spring  driven  clocks,  spring  driven  clocks  electrically 
wound  or  motor  driven  clocks. 

The  Warren  motor  referred  to  in  last  year's  report 
of  this  committee  continues  to  be  developed  in  a  most 
satisfactory  manner.  It  is  being  used  for  the  control 
of  frequency  on  generating  systems  through  the 
master  clock.  It  is  also  being  installed  in  many  forms 
of  graphic  and  recording  instruments  used  for  various 
purposes  throughout  the  stations  of  generating  and 
distributing  systems. 

In  the  field  of  indicating  instruments,  both  for 
direct-  and  alternating-current  use,  it  is  found  that  the 
designs  which  were  developed  particularly  for  war 
purposes,  have  been  modified  sufliciently  to  meet  the 
regular  demand  and  there  are  now  available  lines  of 
both  switchboard  and  portable  types  of  instruments 
that  were  not  available  two  or  three  years  ago.  These 
instruments  are  in  general  of  a  very  satisfactory  type 
and  serve  a  very  useful  purpose  in  providing  other 
sources  of  supply  of  instruments  which  did  not  exist 
some  years  ago. 
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The  greatly  increased  activity  in  the  measurement 
of  high  frequencies  used  in  wireless  work  caused  the 
development  of  vacuum  thermal  converters.  These 
devices  serve  very  satisfactorily  for  other  purposes  than 
for  wireless  work  inasmuch  as  they  permit  the  precise 
measurement  of  extremely  small  values  of  alternating 
current,  a  field  of  measurement  which  has  not  imtil 
recent  times  been  covered  by  other  than  laboratory 
instruments. 

In  canvassing  the  field  of  telephone  and  telegraph 
engineering  for  instruments  and  measurements,  the 
committee  finds  in  answer  to  inquiry  practically  nothing 
to  report,  but  mainly  the  continuation  of  develop- 
ments which  were  started  during  the  war  period  and 
previously  reported. 

Reports  from  those  companies  specializing  in  the 
manufacture  of  laboratory  and  precision  instruments 
indicate  a  very  valuable  development  of  this  type  of 
instrument  for  certain  special  as  well  as  general  pur- 
poses. The  line  of  development  has  been  to  produce 
on  a  commercial  scale  automatic  precision  electrical 
instruments,  either  of  the  indicating  or  the  graphic 
type.  Wheatstone  bridges  and  potentiometers  are 
normally  considered  as  indicating  instruments  or 
devices  njanually  operated  by  means  of  dial  switches 
or  plug  contacts.  One  of  the  companies  manu- 
facturing this  type  of  apparatus  reports  the  develop- 
ment of  an  automatic  potentiometer  and  an  automatic 
Wheatstone  bridge,  both  used  for  recording  or  con- 
trolling processes  or  a  combination  of  the  two.  These 
automatic  equipments  are  supplied  for  the  control 
of  chemical  and  electrochemical  processes  and  some 
installations  of  these  are  in  actual  use.  For  chemical 
and  electrochemical  work  the  automatic  Wheatstone 
bridge  can  be  operated  on  a  conunercial  60-cycle  a-c. 
circuit  and  a  special  a-c.  galvanometer  has  been 
especially  developed  for  this  equipment. 

Two  of  the  important  applications  of  the  a-c. 
Wheatstone  bridge  equipment,  are  the  recording  of 
surface  condenser  leakage  in  power  plant  operation  and 
the  controlling  of  the  finish  point  during  the  evapora- 
tion process  in  plants  making  condensed  milk.    The 
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potentiometer  equipment  is  also  used  for  accurately 
recording  and  even  controlling  the  acidity  and  alka- 
linity of  solutions  through  the  measure  of  the  potential 
between  two  electrodes  immersed  in  the  liquid. 

The  recording  or  indicating  potentiometer  when 
used  in  connection  with  thermocouples  produces  a 
very  satisfactory  and  accurate  record  of  temperature. 
The  measurement  of  temperatures  is,  of  course,  di- 
rectly related  to  design  and  operating  requirements 
of  electrical  apparatus  and  these  devices  serve  very 
satisfactorily  indeed  to  analyze  the  daily  or  weekly 
cycles  of  thermal  performance  of  cables,  transform^^, 
turbine  generators  or  in  fact  any  of  the  various  com- 
monly used  types  of  apparatus  in  generating  and  dis- 
tribution systems. 

S.  G.  Rhodes,  Chairman. 
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ANNUAL  REPORT  OF  THE  TELEGRAPHY  AND 

TELEPHONY  COMMITTEE 

To  the  Board  of  Directors: 

t'OLLOWING  out  the  plan  adopted  last  year  as  to 
the  form  of  annual  report  to  be  submitted  by  the 
committee  the  following  report  includes  references  to 
technical  progress  only.  The  report  is  made  up  of 
contributions  forwarded  by  each  member  of  the 
committee. 

Standardization 

During  the  past  year  considerable  progress  has  been 
made  in  standardizing  telegraph  and  telephone  practises 
of  the  railroads  of  this  country  and  Canada.  Com- 
mittees composed  of  representatives  of  the  railroads, 
the  commercial  telegraph  and  telephone  companies, 
and  various  manufacturers  of  apparatus,  have  prepared 
specifications  for  materials,  apparatus  and  methods 
which,  while  conforming  to  the  generally  accepted 
standards  in  each  case,  include  special  features  adapt- 
ing them  to  railroad  requirements.  It  is  expected  that 
these  specifications  will  be  formally  adopted  by 
the  American  Railroad  Association  in  the  near  future, 
and  that  the  desired  approach  to  uniformity  of  prac- 
tise will  soon  follow. 

Toll  Line  Construction 

Toll  circuits  may  be  composed  of  either  open  wire 
on  pole  lines,  aerial  cable,  or  undergroxmd  cable.  Any 
one  of  these  will  give  high  grade  transmission  when 
improved  equipment  and  methods  of  operation  are 
used.  Therefore,  the  tendency  in  toll  line  construction 
is  to  build  plant  which  will  be  most  economical  and  at 
the  same  time  reduce  the  cases  of  interference  to  service 
from  storm  breaks  and  various  other  troubles  to  a 
minimum. 

Underground  cables  properly  installed  and  main- 
tained are  open  to  the  least  interference  to  service. 
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However,  it  is  not  economical  to  place  underground 
construction  unless  more  than  two  full-size  cables  are 
required.  Generally,  underground  cables  cannot  be 
justified  except  between  the  larger  centers  and  their 
surburban  sections. 

Aerial  cables  are  liable  to  less  interference  than  open 
wires,  but  economy  restricts  their  use  largely  to  cases 
where  the  existing  number  of  circuits  and  the  rate  of 
increase  require  extensive  rebuilding,  or  additional 
pole  lines  to  continue  on  an  open  wire  line  basis. 
Where  the  number  of  circuits  will  not  justify  aerial 
cable,  open  wire  circuits  must  be  constructed  and 
maintained. 

Underground  Cable  Construction 

No  radical  changes  have  recently  been  made  in 
engineering  or  construction  methods  involved  in  con- 
nection with  laying  of  underground  cables.  The 
maximum  size  of  cable  used  contains  1200  pairs  of 
No.  24  B.  &  S.  gage  wires.  Experimental  work  is  being 
carried  on  for  the  purpose  of  increasing  the  number  of 
wires  without  increasing  the  diameter  of  the  cable 
sheath. 

Troubles  in  underground  cables  have  been  due  in 
part  to  disorderly  arrangement  of  cables  in  manholes 
and  the  manner  in  which  the  splices  were  made. 
Great  stress  is  now  being  laid  upon  the  importance  of 
having  the  manholes  in  good  condition,  supporting 
the  cables  in  an  orderly  manner,  and  making  splices 
with  extreme  care.  The  cost  of  labor  require  for 
installing  underground  cables  is  relatively  small  com- 
pared with  the  total  cost  of  the  cable  in  place,  and 
therefore  it  is  felt  that  all  reasonable  efforts  should  be 
made  to  install  and  splice  the  cables  in  such  manner  as 
to  reduce  the  cable  troubles  to  a  minimum. 

Inductive  Interference 

The  Railroad  Commission  of  the  State  of  California 
has  recently  published  a  comprehensive  work  entitled, 
"Inductive  Interference,"  in  which  is  given  a  large 
amount  of  technical  information  gotten  together  by 
the  Joint  Committee  on  Inductive  Interference,  which 
investigated  this  subject  in  California  over  a  period  of 


TECHNICAL  COMMITTEE  REPORTS  849 

about  five  years.  This  work  makes  available  to  inter- 
ested parties  a  great  deal  of  information  of  fimdamental 
importance. 

The  activity  in  both  the  power  and  the  communica- 
tion fields  since  the  war,  has  demanded  renewed  close 
attention  to  the  study  of  inductive  interference. 

The  growing  use  of  electric  arc  furnaces  which  usually 
produce  great  distortion  of  wave  form  has  given  rise  to 
serious  new  problems  in  noise  interference  prevention. 

The  methods  of  overcoming  interference  with 
communication  circuits  from  abnormal  conditions  on 
adjacent  power  circuits  have  not  been  so  well  developed 
as  the  methods  of  overcoming  disturbances  from  the 
normal  operation  of  power  circuits.  Constant  increase 
in  the  amounts  of  energy  carried  by  power  circuits  has 
also  made  these  problems  more  difiicult.  Especial 
attention  must  be  given,  therefore,  to  this  phase  of 
interference,  particularly  along  the  lines  of  limiting 
the  number  of  abnormal  conditions,  reducing  the 
length  of  time  in  which  the  circuits  are  abnormal  and 
in  limiting  the  magnitude  of  unbalanced  power  currents 
during  such  abnormal  periods. 

Information  on  the  subject  of  interference  from 
electric  railways  has  been  increased  by  two  or 
three  important  investigations,  but  is  still  far  from 
complete. 

Printing  Telegraph  Tendencies 

While  the  invention  of  systems  of  printing  telegraphs 
has  been  active  substantially  since  the  introduction  of 
Morse's  telegraph  in  the  year  1844,  the  use  of  printing 
telegraphs  on  a  commercial  scale  in  America — aside 
from  stock  and  news  ticker  systems — has  been  extensive 
only  since  about  the  year  1900.  During  the  past 
twenty  years  improved  printing  telegraph  systems 
have  been  extensively  applied  in  moving  traffic  over 
trunk  circuits  where  the  volume  of  business  is  heavy 
and  continuous.  On  the  lines  of  the  Western  Union 
Telegraph  Company  practically  80  per  cent  of  the 
trunk  line  traffic  is  so  despatched.    The  Postal  Tele-  j 

graph-Cable  Company,  on  the  other  hand,  makes  no  I 

use  of  printing  telegraph  systems  at  the  present  time. 
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On  railroad  telegraph  lines  printing  telegraphs  are  used 
also  to  a  large  extent. 

The  next  stage  of  development — now  very  likely  close 
at  hand — is  the  application  of  printing  telegraphs  to 
wider  uses  and  to  circuits  having  a  much  lighter  than 
trunk  line  traffic  load.  Extending  to  light-load  cir- 
cuits the  use  of  printer  systems  makes  simplicity  of 
operation,  low  first  cost,  and  low  maintenance  cost  of 
first  importance. 

With  the  object  of  meeting  the  requirements  for 
simplification,  work  is  now  under  way  with  tape  printing 
devices.  Also,  it  is  probable  that  two  or  three  other 
systems  of  simplified  telegraph  printing  will  be  given 
trials  in  service  before  long. 

Radio  Signaling 

The  year  1919  has  seen  the  application  of  discoveries 
and  inventions  which  were  necessarily  veiled  in  secrecy 
during  the  years  of  war.  Under  stimulus  of  war 
necessity  remarkable  progress  was  made  in  the  appli- 
cation and  extension  of  the  known  principles  of  the 
art,  standardization  of  radio  apparatus  and  of  its 
quantity  production  and  use.  These  advances  were 
made  possible  by  the  cooperation  of  industrial  com- 
panies, their  engineers,  and  engineers  and  scientists 
with  academic  connections.  The  efforts  of  these 
individuals  or  groups  were  ably  coordinated  and  stimu- 
lated by  the  military  and  naval  branches  of  the  Govern- 
ment. 

Progress  during  the  past  year  has  been  more  in  the 
nature  of  a  consolidation  of  the  scientific  advances  of 
the  war  time  than  in  the  nature  of  an  entry  into  new 
fields.  The  entire  art  of  radio  commxmication  now 
stands  on  a  firmer  basis,  with  a  greatly  enlarged  per- 
sonnel of  trained  engineers  and  research  investigators. 

Radio  telephone  communication  was  maintained 
between  the  seat  of  Government  and  the  steamship 
George  Washington,  on  which  President  Wilson  made 
his  European  voyages.  In  these  demonstrations  the 
radio  station  at  New  Brunswick,  N.  J.,  was  used. 

The  guidance  by  radio  of  airplanes  engaged  in 
peace-time  activities  is  well  illustrated  in  the  directing 
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towards  landing  places  of  the  planes  of  the  Post  Office 
Department.  Commiinication  with  planes  on  long 
voyages  was  accomplished  in  the  memorable  voyage  of 
the  N  C-4. 

High-speed  radio  telegraphy  has  been  greatly 
accelerated  by  the  use  of  the  Hoxie  recorder  and  the 
Alexanderson  magnetic  amplifier.  Direction-finding 
by  radio  compasses  and  its  corollary  of  directive- 
receiving  has  been  placed  upon  a  firm  scientific  basis. 

The  possibility  of  selecting  signals  with  reference  to 
their  direction  has  been  successfully  applied  by  Wea- 
gant,  Wood,  Taylor,  Alexanderson,  and  others,  to  the 
selection  of  desired  signals  and  the  discrimination 
against  atmospheric  disturbances  and  signals  of 
foreign  stations.  These  principles  have  also  permitted 
engineering  advances  in  duplex,  or  two-way  operation 
of  pairs  of  stations,  and  in  increased  possibilities  of 
multiplex  transmission  and  reception.  Knowledge  and 
experience  along  the  lines  of  duplex  and  multiplex 
operation  has  given  added  interest  to  the  questions  of 
regulation  of  wave  length,  range,  and  of  the  ^ect  upon 
radio  development  of  legislative  action. 

In  the  manufacturing  field  there  has  been  progress 
not  only  in  standardization  of  apparatus  and  in  better 
performance,  but  also  in  the  production  of  equipment 
for  high-power  continuous-wave  stations;  compact  and 
simple  apparatus  for  medium-power  stations  and  short- 
range  sets  suitable  for  amateur  use. 

The  withdrawal  of  military  restrictions  has  resulted 
in  a  stimulus  to  amateur  operation.  By  the  encourage- 
ment of  amateurs  and  of  the  research  departments  of 
the  universities  and  engineering  schools,  the  art  should 
attract  additional  workers  and  provide  for  its  future 
the  necessary  increase  in  an  enthusiastic  and  well- 
trained  personnel. 

AuTOBiATic  Telephony 

During  the  past  year  there  was  begun  a  movement 
which  may  become  general  looking  to  the  converting 
of  manual  telephone  exchanges  to  automatic  operation. 
The  same  movement  is  said  to  be  under  way  in  foreign 
countries.    From   the   mechanical   standpoint   there 
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were  no  outstanding  improvements  in  automatic 
telephony  brought  into  public  use.  Progress  took  the 
form  of  a  general  refinement  of  details  necessary  to 
meet  operating  conditions. 

Donald  McNicol,  Chairman. 
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ANNUAL  REPORT  OF  THE  COMMITTEE  ON 
TRANSMISSION  AND  DISTRIBUTION 

To  the  Board  of  Directors. 

T^HE  Committee  on  Transmission  and   Distribu- 
tion submits  the  following  report  for  the  year 
1919-1920: 

General 

Early  in  the  year  the  Board's  Committee  on  Techni- 
cal Activities  suggested  that  it  might  be  advantageous 
to  change  somewhat  the  character  of  the  Annual 
Reports  of  the  Technical  Committee  so  that  each  of 
these  reports  would  become  an  authoritative  source 
from  which  could  be  obtained  a  complete  resum^  of 
developments  in  its  particular  field. 

This  matter  was  thoroughly  discussed  at  a  meeting 
of  the  Technical  Committee  Chairmen,  who  were  of 
the  opinion  that  it  would  be  inadvisable  to  take  such 
a  step 

The  chief  objections  to  the  plan  may  be  smnmed  up 
as  follows: 

1.  The  preparation  of  a  really  complete  and  authori- 
tative annual  resume  by  each  Technical  Committee 
would  require  a  great  deal  more  time  than  could 
possibly  be  devoted  to  it  by  the  Committee  members. 

2.  Several  publications  prepare  annual  digests  of 
developments  and  an  attempt  by  the  Institute  to 
prepare  similar  statements  would  be  more  or  less  in  the 
nature  of  duplication. 

3.  The  preparation  of  a  simimary  by  the  Committee 
instead  of  the  present  method  of  reviewing  papers 
presented,  would  eliminate  the  personal  element.  This 
might  tend  to  take  away  the  incentive  which  now 
exists  for  the  preparation  of  papers,  as  under  present 
conditions,  the  preparation  of  papers  is  solicited,  and 
when  abstracted  for  the  Annual  report,  full  credit 
is  given  to  the  author. 
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It  therefore  seems  that  the  advance  in  the  art  is 
best  recorded  by  the  present  methods,  and  that  those 
who  desire  a  summary  of  developments,  obtain  this 
summary  in  a  more  accurate  form  than  would  be 
possible  if  the  Committee's  Annual  Report  were  to 
deal  in  generalities. 

During  the  year  your  committee  in  conjunction  with 
the  National  Electric  Light  Association  Underground 
Systems  Committee,  formed  a  joint  Subcommittee 
on  Cable  Specifications. 

This  Subcommittee,  after  a  number  of  conferences  in 
which  practically  all  the  cable  manufacturing  com- 
panies were  represented,  completed  its  standard 
specification  for  paper-insulated  lead-covered  cable. 
This  specification,  which  is  accompanied  by  an  appen- 
dix giving  very  complete  notes  explaining  the  various 
clauses,  is  printed  in  full  as  part  of  the  report  of  the 
Committee  on  Underground  Systems  of  the  National 
Electric  Light  Association.  The  specification  is  also 
printed  in  pamphlet  form  for  general  distribution  among 
cable  engineers. 

As  a  result  of  this  standardization,  cable  manu- 
factured under  these  specifications  will  be  of  the  first 
quality  and  in  accordance  with  the  latest  and  best 
practise. 

In  addition  to  the  work  on  preparation  of  cable  speci- 
fications, this  Joint  Subcommittee  is  also  preparing 
data  and  canying  on  investigations  of  the  dielectric 
losses  in  cables,  relation  of  heating  of  cables  to  their 
load-carrying  capacity,  and  such  other  information 
as  is  essential  to  the  proper  operation  of  underground 
cable  systems. 

In  this  connection,  the  Subcommittee  has  plans 
under  way  for  the  construction  of  an  experimental 
conduit  line  about  200  feet  in  length.  With  the 
facilities  offered  by  this  experimental  line  the  follow- 
ing phases  of  the  problem  will  be  investigated: 

1.  Relative  temperature  drops  taken  up  by  the  cable 
insulation,  air  surrounding  the  cable,  duct  walls  and 
surrounding  soil. 

2.  Determination  of  watts  lost  as  related  to  the 
temperature  curve  under  various  conditions. 
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3.  Best  arrangement  of  ducts  to  reduce  heating  to 
a  minimum. 

4.  Determination  of  a  reliable  method  of  rating 
cables. 

Papers  on  Transmission  and  Distribution 

There  has  been  considerable  discussion  during  the 
past  year  of  the  desirability  of  erecting  high-voltage 
tie  lines  to  connect  existing  or  proposed,  large  power 
developments. 

A  paper  presented  at  the  Pacific  Coast  Convention 
in  Los  Angeles,  September,  18th,  1919,  by  Messrs. 
R.  W.  Sorensen,  H.  H.  Cox  and  G.  E.  Armstrong,  deals 
with  the  high-tension  tie  line  in  so  far  as  the  state  of 
California  is  concerned. 

The  authors  summarize  the  power  resources  of  the 
state,  estimate  the  probable  1926  demand,  and  dis- 
cuss the  advantages  of  an  all  state  tie  line.  The  paper 
points  out  that  the  fundamental  problems  in  220,000 
volt  transmission  are  well  understood,  and  that  as  the 
need  of  such  a  line  is  imperative,  arrangements  should 
be  made  without  delay  for  the  working  out  of  details, 
and  the  construction  of  the  line. 

The  super-power  generation  and  transmission  prob-- 
lem  for  industries  and  railroads  on  the  North  Atlantic 
Seaboard  has  been  very  thoroughly  covered  in  a  paper 
begininng  on  page  10,  by  Mr.  W.  S.  Murray. 

The  author's  plan,  which  has  the  endorsement  of 
the  important  engineering  societies,  provides  a  means 
whereby  the  present  estimated  machine  capacity  of 
17,000,000  horse  power,  divided  10,000,000  for  indus- 
trial and  7,000,000  for  railroad  purposes,  in  the  region 
between  Boston  and  Washington,  can  be  lifted  from 
a  present  load  factor  of  15  per  cent  to  a  load  factor 
of  50  per  cent  or  more. 

By  utilizing  the  more  economical  generating  appara- 
tus at  such  a  high  load  factor,  it  is  expected  that 
present  fuel  consumption  can  be  cut  in  half  and  that 
the  railroads  can  be  reUeved  of  carrying  a  considerable 
amount  of  the  coal  which  is  annually  transported  to 
the  seaboard. 

In  conjunction  with  Mr.  Miuray's  paper  there  is 
also  a  symposium  giving  the  views  of  a  number  of 
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eminent  engineers  on  the  subject  of  super-power 
generation   and   transmission. 

In  the  April,  1920  Journal,  Mr.  H.  H.  Plumb  has 
contributed  an  extremely  interesting  paper  on  a  ra- 
tional method  of  determining  the  economic  voltage  for 
a  long  transmission  line.  The  paper  presents  a  rapid 
solution  for  the  size  of  copper  conductor  based  on 
Kelvin's  law,  and  with  this  as  a  foundation,  develops 
the  solution  of  the  economic  voltage  for  copper,  copper- 
clad  steel,  aluminum  and  other  conductor  materials. 

Mr.  W.  A.  Del  Mar  in  the  January,  1920  issue  of 
the  Journal,  has  worked  out  a  method  by  which 
different  insulating  materials  may  be  compared  even 
when  the  tests  are  made  at  different  voltages,  and  on 
cables  of  different  sizes.  This  method  consists  in 
expressing  the  specific  quality  of  the  insulation,  in 
terms  of  a  quantity  which  may  be  termed  the  co- 
efficient of  dielectric  loss,  and  which  is  the  product  of  the 
power  factor  and  the  specific  inductive  capacity. 

Tendencies  in  High-Voltage  Transmission 

The  probable  magnitude  of  the  power  requirements 
of  the  near  future,  together  with  a  quickened  apprecia- 
tion of  need  for  maximum  economy  in  its  production 
has  led  to  widespread  and  serious  consideration  of 
projects  for  bulk  transmission  of  power  to  load  centers 
from  distant  energy  sources.  It  is  of  interest  to  note 
that  similar  conditions  exist  and  similar  projects  are 
being  considered  in  many  foreign  countries.  The 
large  amounts  of  power  and  the  long  distances  involved 
in  such  projects  are  beyond  the  economic  range  of 
transmission  voltages  thus  far  in  use.  In  consequence 
there  has  been,  during  the  past  year,  considerable 
study  and  discussion  of  the  feasibility,  design,  cost  and 
characteristics  of  transmission  at  a  materially  high 
voltage. 

The  study  and  discussion  have  centered  largely 
around  220  kilovolts  which  has  appeared  to  represent 
a  sufficient  increase  in  transmission  capacity  to  meet 
the  requirements  of  projects  thus  far  under  discussion, 
and  at  the  same  time  involve  no  such  large  step  beyond 
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present  practise  as  to  introduce  problems  not  sus- 
ceptible of  present  commercial  solution. 

Development  of  trunk  transmission  at  such  a  voltage 
as  220  kv.  .would  involve  new  problems  arising  from 
the  high  voltage,  the  large  amounts  of  power  involved, 
and  the  high  service  standards  which  the  importance 
of  the  transmission  would  demand.  The  various 
studies  which  have  been  made  indicate  that  these 
problems  differ  in  degree,  but  not  in  character,  from 
those  satisfactorily  handled  in  present  practise.  The 
production  of  equipment  for  such  a  voltage  has  been 
the  subject  of  thorough  study  and  investigation  by 
the  manufacturers,  and  definite  assurance  is  given  that 
equipment  entirely  adequate  for  the  service  can  be 
supplied.  For  transformers  in  suitably  large  units 
for  voltages  of  the  order  of  220  kv.  it  is  stated  that 
no  radical  departures  are  involved  in  either  design  or 
construction.  As  regards  oil  circuit  breakers,  where 
the  problem  is  one  of  high  capacity  rather  than  of 
high  voltage,  it  is  claimed  that  satisfactory  designs 
have  been  worked  out.  In  general,  for  extra  high 
voltage  installations  the  conclusions  from  various 
studies  have  been  that  design  policy  should  tend  to 
extreme  simplicity  of  layout  and  staunchness  of 
equipment.  One  feature  of  this  policy  would  probably 
be  omission  of  arresters  or  similar  protective  equipment. 
While  present  type  of  arresters  could  presumably  be 
adapted  for  such  a  voltage,  it  appears  to  the  opinion 
of  those  who  have  thus  far  studied  the  problem  that 
they  would  be  neither  needed  nor  efficient.  The  idea 
appears  to  be  becoming  quite  general  among  operating 
engineers  that  arresters  of  the  usual  type,  with  a  series 
gap,  afford  little  protection  against  dangerous  low- 
voltage  high-frequency  surges,  while  the  need  for 
protection  against  excess  potentials  becomes  pro- 
gressively less  for  the  higher  operating  voltages.  Both 
theoretically  and  in  the  light  of  such  experience  as  is 
available,  circuits  operating  near  the  corona  limit  will 
tend  to  be  self  protecting  against  excess  potentials 
as  a  result  of  corona  dissipation,  while  atmospheric 
lightning  disturbances  in  general  appear  to  have 
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relatively  less  destructive  effects  upon  lines  and  appara- 
tus for  the  very  high  voltages. 

It  appears  probable  that  the  one  problem  of  220-kv. 
transmission  to  which  present  practise  cannot  satis- 
factorily be  extended  without  considerable  modifica- 
tion is  that  of  line  insulators.  While  it  is  believed  that 
present  commercial  types  of  suspension  disk  insulators 
could  be  made  to  give  acceptable  service,  they  are 
not  regarded  as  likely  to  prove  wholly  satisfactory. 
Even  if  it  could  be  assumed  that  the  deterioration 
which  has  constituted  such  a  serious  defect  with  the 
earlier  disks  has  in  recent  types  been  adequately  over- 
come, it  would  still  appear  that  both  the  electrical 
and  mechanical  characteristics  of  these  insulators  are 
not  well  adapted  to  the  conditions  of  extra  high  voltage 
service.  With  long  strings  there  is  an  excessive  con- 
centration of  potential  on  the  end  disks  and  very 
little  would  be  added  to  the  total  flashover  of  the 
string  by  increasing  the  number  of  disks.  For  220  kv. 
this  condition  appears  to  be  so  pronounced  that 
probably  some  remedy  would  have  to  be  devised.  It 
has  been  suggested  that  grading  by  using  several  types 
of  disks  with  different  electrostatic  capacities  would 
effect  an  improvement  in  the  potential  distribution 
over  the  string,  although  maintenance  would  be 
somewhat  complicated,  while  another  suggestion  is 
for  the  installation  of  suitably  shaped  electrostatic 
shields  at  the  ends  of  the  strings.  A  difKculty  con- 
sidered even  more  serious  is  that  mechanically  these 
disks  are  not  strong  enough,  in  a  single  string,  to  support 
with  adequate  margins  of  safety  the  extreme  loads 
which  have  been  assumed  as  called  for  by  220  kv.  ser- 
vice, due  to  the  large  size  of  conductor,  the  long  spans 
probably  demanded  by  considerations  of  economy  and 
the  heavy  design  loadings  which  the  high  service 
standards  would  dictate.  The  complication  attending 
the  use  of  two-string  or  three-string  assemblies  for 
suspension  units  is  considered  highly  undesirable.  In 
view  of  these  limitations  of  the  present  conmiercial 
type  of  high-voltage  insulator,  the  need  for  an  improved 
or  radically  different  design  for  higher  voltages  has 
*"^n  strongly   emphasized.    Some  of  the  insulator 
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manufacturers  appear  to  be  making  extensive  in- 
vestigations and  experiments  in  this  field. 

The  long  lines  and  high  load  capacities  per  circuit, 
conditions  which  call  for  extra  high  voltage  service, 
have  led  to  the  recommendation  that  voltage  be  con- 
trolled mainly  at  the  receiving  end,  either  by  syn- 
chronous condenser  installations  operated  as  an  integral 
part  of  the  circuit  or,  where  practicable,  by  the  use 
of  excess  generator  capacity  in  the  receiving  system. 
For  a  given  amount  of  power  to  be  transmitted,  ample 
condenser  capacity,  by  improving  voltage  regulation, 
would  reduce  the  number  of  circuits  otherwise  needed 
and  by  reducing  the  values  of  line  current  would 
permit  of  economical  use  of  smaller  conductors. 

For  220  kv.  transmission  the  expensive  character  of 
substation  apparatus  and  the  greater  insurance  of 
immunity  from  operating  troubles  which  is  afforded 
by  simplicity  of  system  would  both  favor  keeping  to  a 
minimum .  the  number  of  connections.  It  may  be 
presumed  that  the  tendency  in  developing  such  a 
system  will  be  to  use  the  high  voltage  for  trunk  trans- 
mission only,  existing  lower  voltage  transmission  sys- 
tems or  extensions  thereof  being  employed  in  general 
to  reach  customers  and  minor  or  secondary  load  centers. 

The  practise  of  interconnecting  power  supply  sys- 
tems in  adjacent  territories,  which,  during  the  war, 
gained  new  impetus  as  a  result  of  the  need  for  obtain- 
ing the  maximum  effective  output  from  existing  gen- 
erating capacity,  has  been  further  extended,  and 
numerous  plans  are  in  progress  or  under  discussion  for 
interconnections  of  considerable  magnitude.  The  great 
interconnected  system  in  the  Southeastern  states  has 
been  extended  and  the  interconnections  reinforced. 

This  movement  toward  interconnection  is  hastening 
the  tendency,  already  evident,  toward  uniformity  and 
simplicity  in  transmission  standards  and  practises. 
Standardization  of  voltages  in  multiples  of  11  kv.  is 
well  established,  accepted  steps  being  22  kv.,  33  kv., 
44  kv.,  66  kv.,  88  kv.,  110  kv.,  132  kv.,  and  154  kv., 
with  220  kv.  projected  as  the  next  step.  Certain 
earlier  standard  steps,  such  as  60  kv.  and  100  kv.,  are 
no  longer  used  except  in  connection  with  existing 
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systems.  The  advantage  of  keeping  these  standard 
voltage  steps  to  a  minimum  are  so  great,  even  more 
from  the  point  of  view  of  future  interconnection  than 
of  economy  in  manufacture,  that  certain  of  the  steps 
in  the  above  list  may  fall  into  disuse.  Eighty-eight 
kv.  for  instance,  does  not  seem  likely  to  be  continued 
as  a  standard,  while  possibly  either  33  kv.  or  44  kv.  and 
either  132  kv.  or  154  kv.,  may  tend  to  drop  out. 
Sixty  cycles,  likewise,  is  becoming  firmly  established 
as  the  standard  frequency  for  the  United  States,  and 
its  virtually  exclusive  use  for  general  power  supply  can 
be  predicted  for  the  near  future.  The  practise  of 
using  a  grounded  neutral  connection  for  the  higher 
voltages  is  considered  to  have  clearly  demonstrated 
its  superiority  and  is  rapidly  supplanting  the  isolated 
delta  connection,  while  for  larger  systems  at  least  the 
preference  for  the  grounded  neutral  connection  is  evi- 
dent also  in  case  of  the  lower  voltages. 

In  general  it  is  coming  to  be  clearly  recognized  that 
interconnection  of  power  supply  systems  is  not  to  be 
merely  an  occasional  expedient  but  the  normal  condi- 
tion, and  that  it  will  tend  to  become  more  and  more 
extensive,  adjacent  systems  being  connected  into 
groups,  and  these  groups  being  joined  by  trunk  trans- 
mission lines  into  systems  covering  a  number  of  states, 
probably  leading  eventually  to  an  interconnected 
system  of  nation-wide  proportions.  With  this  ten- 
dency toward  widespread  interconnection  so  un- 
mistakeable,  an  important  obligation  rests  upon  the 
engineering  profession  to  so  plan  present  work  as  to 
enable  it  to  fit  into  such  development  with  a  minimum 
of  waste,  particularly  in  such  matters  as  standardiza- 
tion of  voltages  and  frequencies  in  adjacent  territories. 
The  establishment  of  a  comprehensive  power  supply 
system,  district  or  regional,  will  mean  much  to  the 
future  of  the  electrical  power  industry  and  to  the 
industrial  future  of  the  country,  in  which  the  question 
of  power  supply  is  clearly  destined  to  become  one  of  the 
determinmg  factors. 

Tendencies  in  Underground  Cable  Practise 

The  lack  of  accurate  information  on  certain  elements 
influencing  the  operation  of  underground  cables,  has 
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in  the  past  caused  this  branch  of  the  transmission  and 
distribution  to  be  neglected  to  some  extent,  and  some 
of  the  operating  companies  have  been  put  to  a  great 
deal  of  trouble  and  expense  on  this  account.  At 
present,  however,  there  is  a  growing  interest  in  this  sub- 
ject which  has  already  resisted  in  a  marked  improve- 
ment in  the  manufacture  of  cables,  so  that  the  carrying 
capacity  of  cables  manufactured  today  is  materially 
greater  than  that  of  cables  manufactured  a  few  years 
ago. 

The  principal  improvement  is  the  reduction  of 
dielectric  loss  at  relatively  high  temperature.  This 
has  been  accomplished  principally  as  the  result  of  a 
thorough  study  of  the  properties  of  impregnating 
compounds.  It  is  now  possible  to  manufacture  cable 
the  rating  of  which  will  be  decreased  only  a  few  per 
cent  under  temperature  as  high  as  100  deg.  cent. 

These  refinements  in  manufacture  make  the  three- 
phase  undergroimd  cable  fairly  satisfactory  for  voltages 
up  to  25,000,  and  for  loads  per  circuit  up  to  10,000  kw., 
but  if  these  limits  are  to  be  exceeded  it  will  probably  be 
necessary  to  go  to  singk-eonductor  construction. 

During  the  past  year  there  have  been  a  great  many 
serious  burnouts  on  underground  systems  where 
trouble  was  communicated  from  one  cable  to  another 
until  sometimes  a  whole  duct  line  was  involved,  and  at 
present  there  is  a  great  deal  of  attention  being  given 
to  methods  for  the  prevention  of  the  spreading  of 
such  troubles. 

Results  have  been  improved  by  changes  in  the  de- 
sign of  duct  lines,  such  as  the  wider  separation  of 
ducts  especially  where  they  enter  the  manhole.  This 
wider  separation  tends  to  prevent  the  communication  of 
trouble  from  one  cable  to  another  which  is  very  danger- 
ous where  there  are  a  great  number  of  important 
cables  in  one  line.  For  the  same  reason  it  is  now  the 
prevailing  practise  to  use  some  form  of  conduit  con- 
struction that  gives  an  individual  wall  of  concrete 
around  each  duct,  as  concrete  is  a  very  good  arc- 
resisting  material. 

Protection  of  cables  from  fire  in  manholes  by  cement 
covering   is   still   the  prevailing  practise.    Methods 


862  TECHNICAL  COMMITTEE  REPORTS 

of  applying  the  cement  varies  to  some  extent,  but  the 
results  are  uniformly  satisfactory. 

There  is  also  a  recognized  advantage  in  installing 
separate  duct  lines  for  cables  operating  at  widely 
different  voltages  in  order  to  avoid  the  possibility  of 
limiting  the  load  on  some  of  the  cables  on  account  of 
the  temperature  limits  of  cables  working  at  another 
voltage.  This  temperature  influence  is  very  important 
and  should  always  be  considered  when  there  is  a  possi- 
bility of  extreme  limitations  being  placed  on  some 
cables  by  the  influence  of  others. 

As  regards  sizes  and  t3rpes  of  underground  cable, 
manufacturers  report  a  steadily  growing  demand  for 
cables  of  350,000  to  500,000  cir.  mils.  There  is  also 
a  tendency  on  the  part  of  customers  to  specify  sector 
type  cable  on  account  of  the  smaller  overall  diameter 
for  a  given  copper  cross  section. 

The  installation  of  these  large  size  cables  makes  it 
more  difficult  to  bend  and  train  the  cable  in  manholes 
and  in  some  cases  requires  a  modification  in  the  design 
of  manholes  to  avoid  sharp  bends. 

The  rectangular  manhole  with  duct  openings  in  the 
center  of,  and  flush  with  one  wall,  compels  the  bending 
of  the  cable  at  too  short  a  radius.  Oval  or  rectangular 
manholes  can  be  used,  but  as  these  shapes  are  not 
entirely  satisfactory,  it  has  been  proposed  that  the 
rectangular  manhole  be  set  at  45  degrees  with  the 
center  line  of  the  conduit,  and  the  duct  entrance  be 
recessed  so  as  to  permit  of  training  through  the  manhole 
with  long  radius  bends. 

The  Hochstadter  type  of  cable  in  which  the  indivi- 
dual conductors  are  covered  with  a  thin  metal  foil,  and 
the  assembled  conductors  sheathed  without  belt 
insulation,  is  now  being  supplied  commercially. 

Users  of  split-conductor  cable  report  satisfactory 
operating  results  and  state  that  the  advantages  of  the 
selective  protection  obtained  by  the  use  of  this  type 
of  cable  more  than  offset  the  disadvantage  of  the 
smaller  current-carrying  capacity  for  a  given  duct  size. 

E.  B.  Meyer,  Chairman. 
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ANNUAL  REPORT  OF  THE  IRON  AND  STEEL 

INDUSTRY  COMMITTEE 

To  the  Board  of  Directors, 

TOURING  the  Convention  held  at  Lake  Placid  in 
June,  1919,  Dr.  C.  P.  Steinmetz  in  discussing  the 
work  of  the  technical  committees  of  the  Institute 
expressed  the  belief  that  the  annual  reports  of  such 
committees  should  be  planned  to  provide  for  the  use 
of  the  entire  membership  of  thte  Institute,  a  compre- 
hensive record  of  the  present  status  and  recent  pro- 
gress of  electrical  engineering  in  the  particular  indus- 
try or  branch  of  the  art  to  which  each  committee 
had  been  organized  to  apply  itself. 

Accordingly,  Mr.  Wilfred  Sykes,  the  Chairman  of 
the  Board's  Committee  on  Technical  Activities,  sug- 
gested to  the  various  1920  Technical  Committees  that 
their  reports  "should  cover  notable  installations  or 
developments  during  the  year  and  in  view  of  the  fact 
that,  in  the  past,  little  has  been  done  in  this  respect, 
that  the  reports  for  1920  might  be  a  review  of  the 
state  of  the  art  up  to  date." 

Guided  by  these  suggestions  it  has  been  the  aim  of 
the  Iron  &  Steel  Industry  Committee,  to  at  least 
prepare  as  a  foundation,  the  present  status  of  electrical 
application  to  the  iron  and  steel  industry,  upon  which 
subsequent  committees  might  base  annual  reports 
showing  recent  progress.  The  field  is  an  extremely 
broad  one  dealing  as  it  must,  with  practically  every 
process  in  the  transformation  of  the  raw  material  into 
the  many  forms  of  finished  product.  Electricity  is 
utilized  in  the  handling  of  the  ore  and  provides  the 
means  of  handling  the  finished  products  as  well  as 
the  final  heat  treatment  of  the  more  highly  developed 
products.  From  the  mechanical  point  of  view,  it 
has  been  stated  that  from  the  ore  to  the  finished  pro- 
duct the  hand  of  man  has  no  occasion  to  touch  the 
materials  and  it  can  be  stated  further  that  throughout 
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this  same  transformation,  practically  no  step  is  taken 
in  which  electricity  is  not  playing  an  increasingly 
important  part. 

While  the  iron  and  steel  industry  in  America,  dates 
back  into  the  country's  earliest  history,  electricity 
only  comparatively  recently  began  to  play  its  important 
part,  to  be  more  exact,  about  1891.  At  present  the 
total  generating  capacity  required  by  the  industry  is 
approximately  one  million  kilowatts  and  each  new 
development  in  the  art  of  steel  making  opens  up  new 
fields  for  electrical  application  so  that  in  many  import- 
ant respects,  the  making  of  steel  is  becoming  an  electri- 
cal industry. 

Supplement  A  has  been  prepared  to  indicate  the 
major  applications  of  heat  and  power  entering  into  the 
making  of  iron  and  steel  products  from  the  raw  mate- 
rials, and  to  show  the  extent  to  which  electrical  heat 
and  power  have  been  or  may  be  applied.  As  to 
the  auxiliary  applications  of  power  in  the  handling, 
manipulating,  and  finishing  of  the  materials  and 
products,  electricity  is  almost  universally  used  as 
supplementary  data  will  show. 

It  was  decided  to  consider  the  mining  of  the  raw 
materials  as  outside  the  scope  of  the  Iron  &  Steel 
Industry  Committee  and  it  has  dealt  only  with  the 
material  after  arrival  at  the  blast  furnace.  Reference 
again  to  Supplement  A  will  indicate  the  processes  to 
which  the  Committee  has  applied  itself.  Further- 
more, it  has  not  been  intended  to  prepare  a  handbook 
for  electrical  engineers  engaged  in  the  iron  and  steel 
industry,  but  rather  provide  a  source  of  general  in- 
formation for  the  large  proportion  of  the  Institute 
membership  engaged  in  the  many  other  lines  of 
electrical  engineering. 

Using  Supplement  A  as  a  basis,  memoranda  have 
been  or  are  being  prepared  along  the  following  general 
lines,  believing  that  brief  consideration  of  each  sub- 
ject separately,  could  be  used  to  better  advantage 
and  more  readily  added  to  than  to  attempt  a  consecu- 
tive description. 
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Blast  Furnace  Group 

Memorandum  A  1 — The  status  of  iron  ore  smelting 

in  the  electric  furnace. 

Memorandum  A  2 — Synthetic  electric  furnace  pig 

iron. 

"  A3 — The  electrical  precipitation  of 

dust  of  blast  furnace  gases. 

Electric  Melting  Furnace  Group 

♦Memorandum  B  1 — Statistical  data — The  growth  of 

the    application    of    electric 
furnaces. 

*  "  B  2 — Types  and  electrical  character- 

istics. 

Electric  Heat  Treatment  Furnace  Group 

Memorandum  C  1 — Electrical  heated  soaking  pits. 

C  2 — Carbon  resistor  tjrpe  furnaces. 

C  3 — Tjrpical   heat   treating   plants 
(Carbon  resistor). 

C  4 — Metallic  resistor  type  furnaces. 

Rolling  Mill  Group 
♦Memorandum  D  1 — Statistical  data. 

*  "  D  2 — Types  of  Drives — Non  Revers- 

ing —  Adjustable,    Speed  — 
Reversing. 

Miscellaneous  Group 

♦Memorandum  E  1 — The  electric  hydraulic  system 

as  proposed  for  large  forge 
presses. 

The  Committee  has  prepared  and  sent  to  all  the 
principal  Iron  and  Steel  Companies,  the  following 
questionnaire  and  the  results  will  be  tabulated  as  a 
general  indication  of  the  extent  and  characteristics 
of  both  electric  power  supply  and  application.  This 
data  will  appear  in  the  form  of  supplement  B  at  an 
early  date. 


It 
it 
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ELECTRICAL  STATiaTIOS 

Name  and  location  of  plant 

POWER  SUPPLY  (period  January  to  December.  1919,  inclusive) 

Purchased  from  central  stations Kw-bours 

Generated  by  own  steam  units  from  coal-fired  boilers kw-    ** 

"       "       "       "  "    from  gas  or  waste  heat  boilers       Kw-    " 

(including  exhaust  pressure  turbines) 
"  "       "  gas  engines  using  waste  gases kw-     " 

MOTOR  EQUIPMENT     a-c phase ...  cycle ...  volts      d-c.... volts 

Number  of  motors 

Total  horse  power 

GENERATING  CAPACITY     a-c volts.  d-c volts. 

Average  kw.  capacity  in  use — kw kw i     Do  not  include  \ 

Average  load  factor %....       % \  sub-station  d-c.    > 

'         apparatus       ' 

*In  preparation  for  issue  at  an  early  date. 

Meetings  and  Papers 

No  attempt  has  been  made  to  secure  papers  or 
arrange  Institute  meetings  for  the  consideration  of 
iron  and  steel  Industry  subjects,  owing  to  the  extensive 
interlocking  of  the  memberships  of  the  A.  I.  E.  E.  and 
the  Association  of  Iron  &  Steel  Electrical  Engineers 
which  holds  monthly  meetings  of  high  grade  in  Pitts- 
burgh, Cleveland,  Chicago,  Birmingham  and  Phila- 
delphia. In  some  cases  joint  meetings  between  the 
local  sections  of  these  organizations  have  been  success- 
fully held  and  an  extension  of  this  practise  is  recom- 
mended. The  nature  of  the  papers  presented  at  the 
A.  I.  &  S.  E.  E.  meetings  is  made  clear  by  the  list 
supplementing  this  report  (Supplement  C)  and  it  is 
recommended  that  closer  relations  be  established 
between  the  two  organizations  through  the  publica- 
tion, in  the  Journal  of  the  A.  I.  E.  E.,  of  notices  before 
and  after  the  A.  I.  &  S.  E.  E.  meetings,  together  with 
other  items  of  mutual  interest. 

It  is  further  recommended  that  the  Board  of  Direc- 
tors consider  the  scope  of  the  work  of  the  Association 
of  Iron  and  Steel  Electrical  Engineers  and  with  the 
appointment  of  the  iron  and  steel  industry  committee 
for  the  coming  year,  formulate  a  definite  policy  as  to 
the  nature  of  the  Committee's  activities  in  order  to 
avoid  duplication  of  effort  on  the  part  of  the  two  organ- 
izations, the  memberships  of  which  are  closely  inter- 
locked. 

The  Board  of  Directors  of  the  A.  I.  E.  E.  has  author- 
ized this  Committee  to  discuss  with  the  Board  of  the 
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A.  I.  &  S.  E.  E.  the  question  of  co-operation  in  the 
matter  of  Standardization  Rules  and  it  is  regretted 
that  no  opportunity  for  such  conference  has  presented 
itself.  Such  action  is  strongly  recommended  at  an 
early  date. 

Many  valuable  papers  relative  to  electric  furnaces  in 
the  iron  and  steel  making  processes  are  presented  in  the 
meetings  of  the  American  Electrochemical  Society 
and  are  recommended  for  notice  and  possibly  publica- 
tion in  the  A.  I.  E.  E.  Journal. 

The  Committee  wishes  to  acknowledge  with  thanks, 
the  hearty  co-operation  it  has  received  from  the 
individuals  and  companies  appealed  to  in  the  gathering 
of  the  data  presented  herewith. 

MEMORANDUM  A  1 

The  Status  of  Iron  Ore  Smelting  in  the 

Electric  Furnace 

The  electric  method  of  smelting  of  iron  ore  is  in 
no  sense  competitive  from  a  commercial  point  of  view 
with  the  blast  furnace,  as  commonly  used  in  the 
manufacture  of  pig  iron,  in  America. 

Pig  iron  of  high  grade  can  be  made  in  the  electric 
furnace,  and  is  so  made  in  considerable  quantities, 
but  only  at  localities  that  combine  the  conditions  of 
having  ore  and  charcoal  accessible  to  dependable  low 
cost  electrical  energy,  not  exceeding  twelve  to  fifteen 
dollars  per  horse  power  year.  The  industry  has  there- 
fore, been  confined  largely  to  Norway,  Sweden,  Italy, 
with  smaller  installation  in  Japan,  Switzerland,  Cali- 
fornia and  Canada.  British  Columbia  is  being  con- 
sidered as  having  the  necessary  requirements. 

Three-phase  furnaces  are  commonly  used  and  power 
factors  of  from  65  to  95  per  cent  are  possible  with 
frequencies  as  high  as  60  cycles,  but  25  cycles  is  pre- 
ferable in  the  large  units,  such  as  used  in  Sweden. 
The  load  factor  can  be  made  high  and  the  units  vary 
from  2000  to  7000  kw.  in  capacity.  The  furnace 
voltage  is  low,  being  below  100  volts,  and  voltage 
regulation  is  accomplished  by  meansof  taps  in  the  high- 
tension  side  which  limits  the  use  of  very  high  traps- 
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mission  voltages  without  intermediate  stepdown  trans- 
formers. 

The  furnaces  used  in  Sweden  where  the  greatest 
amount  of  electric  pig  iron  is  produced  (approximately 
70,000  tons  in  1918)  consist  of  a  furnace  shaft  quite 
similar  to  a  small  blast  furnace  independently  supported 
above  a  relatively  shallow  crucible  of  larger  diameter 
which  is  covered  by  a  circular  arch  through  which  the 
carbon  electrodes  project  into  the  charge  which  is  fed 
to  the  top  of  the  furnace  as  in  a  blast  furnace. 

MEMORANDUM  A  2 

Synthetic  Electric  Furnace  Pig  Iron 

Conditions  of  shortage  of  pig  iron  and  the  imusual 
availability  of  steel  turnings  incident  to  the  war 
period,  developed  the  manufacture  of  synthetic  pig 
iron  in  electric  furnaces  by  re-carburizing  fusion  of 
steel  turning  or  scrap.  This  process  was  used  prin- 
cipally in  Canada  and  France,  the  latter  coimtry 
having  made  at  Levet,  Nanterre  and  Limoges  over 
150,000  tons  during  the  war  period.  The  future  of 
this  industry  depends  upon  cheap  water  power, 
availability  of  materials  and  the  relative  cost  of  coal. 

Typical  Furnaces  in  Canada.  A  small  250-kw., 
single-phase  furnace  at  Orillia,  Ontario,  produced  six 
to  seven  tons  of  low  phosphorus  pig  iron  per  twenty- 
four  hours.  A  six-ton,  three-phase  furnace  at  St. 
Catherines,  Ontario,  with  1200-kw.  transformers 
produced  approximately  20  tons  per  day,  with  a  700-kw. 
input  and  with  full  1200-kw.  input — 35  tons  per  day. 
For  each  hundred  weight  of  turnings  charged,  there 
was  added  5  per  cent  in  tne  form  of  carbon  and  silicon 
and  the  yield  was  approximately  95  lb.  of  pig  iron. 
The  furnaces  were  of  the  enclosed  type  as  usual  to  the 
making  of  steel  and  the  current  was  of  standard  fre- 
quency. The  load  factor  and  power  factor  can  be 
made  high. 

The  French  Furnaces.  Open  type  furnaces  of 
greater  capacity,  are  used  and  are  principally  of  single- 
phase  construction  with  one  moveable  electrode  and 
the  other  imbedded  from  below  in  the  hearth.  Stand- 
ard frequencies  with  high  load  factor  and  power  factor 
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prevail.  A  2500-kw.  furnace  produces  80  to  100  tons 
per  day  with  a  power  consumption  of  675  kw-hr.  per 
ton.  Complete  foundries  for  the  casting  of  shells  were 
in  some  cases  located  adjacent  to  the  pig  iron  furnace 
and  by  a  further  treatment  in  single-phase  electric 
mixing  furnaces  of  closed  type,  with  an  expenditure 
of  approximately  50  to  100  kw-hr.  per  ton,  the  metal 
was  made  to  meet  the  specifications  for  such  castings 
(carbon  2.90,  silicon  1.75,  manganese  0.50,  sulphur- 
trace,  phosphorus  0.05). 

These  single-phase  mixer  furnaces  are  operated  in 
groups  of  three  and  have  one  adjustable  electrode  above 
with  the  other  electrode  imbedded  in  the  hearth  from 
below. 

MEMORANDUM  A  3 

The  Electrical  Precipitation  of  Dust 
OF  Blast  Furnace  Gases 

The  Cottrell  system  of  electrical  precipitation  has 
been  applied  in  two  instances  to  the  cleaning  of  blast 
furnaces  gas.  The  advantages  are  such  that  such 
equipment  is  likely  to  become  common  among  the 
blast  furnaces. 

In  applying  this  system  the  gas  piping  from  the 
blast  furnace  is  arranged  so  that  the  gas  is  conducted 
through  a  group  of  vertical  pipes  from  bottom  to  top 
and  the  high-tension  electrode  in  the  form  of  chains  or 
wires  held  taut  by  weights,  are  supported  in  the  center 
of  the  pipes  from  insulators  at  the  top.  The  dust  and 
fume  particles  are  repelled  by  the  charged  electrode  and 
are  deposited  on  the  sides  of  the  pipes  from  which  it  is 
jarred  by  vibration  of  the  pipes  at  suitable  intervals 
(once  each  hour  or  more).  This  jarring  can  be  accom- 
plished automatically  by  relays  adjusted  to  voltage 
drops  and  amperage  increases  which  occur  when  the 
accumulation  of  dust  becomes  excessive.  During  the 
shaking  down  of  the  dust  the  precipitating  apparatus 
is  shut  down  for  the  necessary  two  or  three  minutes 
required. 

A  typical  installation,  put  into  service  during  1919, 
takes  three-phase,  60-cycle,  220-volt  current  from  the 
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power  system,  two  25-kv-a.  transformers  in  open  delta 
being  ample  for  the  entire  power  requirement  which 
is  15  to  20  kv-a.  to  clean  45,000  to  50,000  cubic  feet 
of  gas  per  minute.  The  220-volt  current  is  applied  to 
a  small  synchronous  motor  operating  at  1800  rev.  per 
min.  and  driving  a  mechanical  rectifier,  and  is  also  fed 
through  transformers  which  step  the  voltage  up  to 
35,000  to  50,000  volts,  adjustable  by  taps.  The 
rectifier  converts  this  high-tension  current  to  the 
unidirectional  current  required  by  the  precipitating 
electrode.  The  equipment  can  be  made  to  suit  any 
standard  frequency. 

A  second  installation  has  been  made  more  recently 
in  connection  with  a  blast  furnace  and  is  of  about  one- 
half  the  capacity  of  the  first  equipment. 

MEMORANDUM  C  2 

Carbon  Resistor  TVpe  Furnace  for  Steel 

Treating 

Furnaces  of  this  type  are  usually  rectangular  in 
shape  with  doors  at  each  end  for  the  receipt  and 
delivery  of  the  materials  to  be  treated.  Parallel  with 
the  length  of  the  furnace,  one  on  each  side,  are  located 
two  resistor  troughs.  The  resistance  elements  com- 
posed of  broken  carbon  are  thrown  loosely  into  these 
carborundum  fires  and  troughs  which  are  supported 
on  brick  pillars  along  the  side  wall  and  protected  by 
being  recessed  back  from  the  space  into  which  the  steel 
materials  are  introduced .  The  heat  from  the  resistance 
element  is  radiated  to  the  walls  and  top  of  the  furnace 
which  is  lined  with  refractory  materials  which  become 
heated  and  in  turn  heat  the  charge.  Carbon  or 
graphite  electrodes  at  each  end  of  the  troughs  provide 
the  means  of  introducing  the  current  and  the  control 
of  the  current,  hence  the  heat  is  effected  by  varying  the 
voltage  impressed  at  the  electrodes,  this  variation 
being  obtained  by  means  of  numerous  taps  on  the 
secondaries  of  the  special  transformers. 

The  materials  to  be  treated  are  in  some  cases  put  into 
the  furnace  on  cars  for  a  period  treatment  and  in  other 
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cases  the  operation  is  continuous,  the  materials  being 
slowly  pushed  or  conveyed  through  the  furnace. 

Advantage  is  invariably  taken  of  the  possibility  of 
making  these  furnaces  automatic,  both  as  regards 
the  cycle  of  temperature  treatment  and  the  charging 
and  discharging. 

The  following  list  of  furnaces,  together  with  the  dates 
of  installation,  will  indicate  the  development  and 
application  in  steel  treating: 


Tons  of 

Electrical 

steel  heated 

Plant 

Dato 

Application 

No. 

capacity 

per  24 

1 

each 

hours 

No.    1 

1915 

AnncalinR  castings 

150  kw. 

12 

2 

lOlG 

Annealing  castings 

1 

300  kw. 

24 

3 

1916 

Treating   draw-bar 

2 

1-000  kw. 

knuckles 

1-300  kw. 
Tandem  operation 

144  total 

4 

1916 

Anm^aling         steel 

castings 

1 

600  kw. 

12 

5 

1917 

Treating  small  sUrel 
part«     for     aero- 

planes and  tractors 

1 

150  kw. 

24 

0 

1917 

Treating  auto  gears 

1 

40  kw. 

4 

7 

1918 

Duplicate  or  plant 

3 

8 

1918 

Duplicate;  of  plant 

5 

0 

1918 

Annealing     K.     K. 

axles 

1 

150  kw. 

12 

10 

1918 

Treating  cast  st<.'el 

1-600  kw. 

anchor  chain 

2 

l-;)00  kw. 
Tandem  operation 

150  total 

11 

1918 

Treating  crank 

1-600 

shafts  for  liberty 

1-300 

144  total 

motors 

Tandem  operation 

12 

1918 

Annealuig  steel 

600  kw. 

76 

13 

1919 

Roller  bearing  and 
ball     race     treat- 

ment 

150  kw. 

12 

14 

1919 

Annealing         st(*el 

sheets 

000  kw. 

150 

15 

1919 

(2)     Duplicate     of 
plant 

10 

16 

1920 

Tnjating  Iwlts  and 

nuts 

40  kw. 

4 

17 

1920 

Roller  hardening 

75  kw. 

5 

MEMORANDUM  C  3 
Typical  Heat  Treating  Plants 

(Carbon  Resistor  Typo) 

Plant  A.    Automatic  furnace  handling  roller  bearing 
and  ball  races. 
Materials  to  be  treated  are  placed  in  metal  baskets 
holding  approximately  125  lb.  each  and  fed  into  one  end 
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of  rectangular  carbon  resistor  type  of  furnace  main- 
tained at  approximately  1525  deg.  fahr.  by  an  input 
of  150  kw.  A  clock  contactor  regulates,  over  a  vari- 
able range,  the  rate  of  flow  of  material  through  the 
furnace  and  ordinarily  1000  to  1200  pounds  of  material 
is  handled  per  hour. 

The  discharge  of  the  heated  material  is  into  a  draw- 
ing or  quenching  tank,  the  oil  of  which  is  maintained 
at  a  temperature  of  approximately  350  deg.  fahr.  by 
means  of  immersed  nichrome  resistors  requiring  about 
40  kw. 

The  temperature  control  of  the  furnace  and  drawing 
tank  is  by  pyrometers  and  the  adjustable  clock  con- 
tactor devices  make  the  operation  entirely  automatic 
as  to  the  temperature,  the  time  in  the  furnace  and  the 
time  in  the  tank.  Motor-driven  conveyers,  door 
operating  mechanisms  and  oil  pumps  are  all  under  the 
control  of  the  time  and  temperature  measuring  devices. 
Plant  B.  Annealing  furnace  for  treating  low  carbon 
cold  rolled  strip. 

The  annealing  furnace  is  approximately  225  ft. 
long  and  22  ft.  wide  with  the  heated  chamber  in  the 
middle.  Two  parallel  tracks  pass  through  the  furnace 
and  heated  chamber,  and  cars  of  steel  strip  each  holding 
about  20  tons  of  material  are  fed  on  to  tracks  from 
opposite  ends,  the  purpose  being  to  absorb  in  the  cold 
carload  on  one  track  the  heat  from  the  heated  car- 
loads on  the  other  track  on  the  way  to  the  discharge 
point. 

The  temperature  attained  in  the  electrically  heated 
chamber  is  approximately  1200  deg.  fahr.  A  move- 
ment of  the  cars  takes  place  every  six  hours,  discharg- 
ing one  twenty-ton  car  of  material  at  each  end  or 
approximately  150  tons  of  annealed  material  per  24 
hours  with  an  electrical  input  of  approximately  120 
kw-hr.  per  ton. 
Plant  C.    Annealing  furnace  for  treating  alloy  steel. 

Arrangement  is  similar  to  Plant  B  except  furnace 
is  shorter  and  the  nature  of  the  steel  requiring  a  40- 
hour  treatment  at  about  1400  deg.  fahr.  The  ten 
cars  in  the  furnace  at  one  time  each  hold  30  tons  of 
steel  or  a  total  of  500  tons,  120  tons  of  which  is  in  the 
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middle  electrically  heated  chamber.  The  delivery  is 
approximately  72  tons  per  day  with  an  electrical  input 
of  approximately  250  kw-hr.  per  ton  of  metal  an- 
nealed. 

SUPPLEMENT  C 

Representative  Papers  Recently  Read  Before 

THE  Association  of  Iron  &  Steel  Electrical 

Engineers  Main  and  Section  Meetings. 

Organization  of  Electrical  Department  in  the  Iron    &  Steel 

Industry. 

Inspection  and  Operation. 

Educational  Training  for  Employees. 

Electrical  Repair  Shop. 

Storeroom  and  Spare  Parts. 
Records  and  Tests. 

A-C.  vs.  D-C.  Motors  for  Rolling  Mill  Table  Drives. 
Recent  Improvements  in  Industrial  Control. 
Present  Status  of  Electric  Furnaces  in  the  Steel  Industry 
Electric  Heat  Treatment. 
Overload  Protection  for  Motors. 
Overload  Protection  on  Cranes. 

General  Specifications  for  A-C.  Motors  for  Main  Roll  Drive. 
Present  Status  of  Arc  Welding  in  the  Iron  &  Steel  Industry. 
Safety  Rules  for  GovernnuBnt  of  Employees    Working  on 

Electric^  Equipment. 
Babbitt  and  Babbitting. 
Grounded  Neutral. 
Current-Limit  Reactance. 
Welding,  Electric  vs.  Gas. 
Electric  Rolling  Mill  Drives. 

Steel  Plant  Power  Generation  from  Waste  Heat  and  Coal. 
Electrical  Equipment  of  the  Largest  Plate  Mill  in  the  World 
Electrical  Installations  at  Trumbull  Steel  Co. 
Steam  vs.  Electric  Driven  Mills. 
Electrical  Features  of  a  Modern  Steel  Plant. 
Steel  Mill  Electrical  Repair  Shop  Practise. 
Influence  of  Gear  Ratio  on  Speed  of  Operation,  Motor   Heating 

and  Contactor  Wear  in  Auxiliary  Steel  Mill  DriTes. 
Automatic  Electrolytic  Oxy-Hydrogen  Plant. 
Heating  of  Underground  Cables. 
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ANNUAL  REPORT  OF  THE  INDUSTRIAL  AND 
DOMESTIC  POWER  COMMITTEE 

To  the  Board  of  Directors, 

THE  Industrial  and  Domestic  Power  Committee 
has  continued  its  earlier  plan  of  work  without 
change  or  modification.  We  are  convinced  that  it 
is  sound.  We  know  the  results  now  appearing  will 
justify  the  study.    We  strongly  urge  its  continuance. 

Eleven  subcommittees  are  analyzing  electrical 
power  applications  in  eleven  different  branches  of 
industrial  activity.  The  analysis  consists  of  a  study 
of  the  various  processes  involved,  the  movements  in 
the  processes  and  the  electrical  application  to  the 
movements.  No  standardization  studies  are  con- 
sidered. This  is  a  province  of  other  committees. 
The  work  is  entirely  ethical.  In  no  way  is  our  work 
overlapping  studies  by  other  Institute  committees,  or 
by  committees  external  to  the  Institute. 

A  similar  study  of  the  electrical  power  applications 
in  the  use  of  prominent  industrial  tools  is  being  con- 
ducted. 

The  work  is  being  reported  by  monographs.  Each 
monograph  comprises  a  section  of  subcommittee 
study,  complete  in  itself  and  yet  forming  a  part  of  the 
whole.  Each  subcommittee  is  planning  its  own  work 
to  its  own  ideas,  but  all  in  conformity  to  the  general 
plan.  In  the  final  execution  of  the  plan,  a  progression 
of  monographs  carefully  edited  and  approved  by  the 
Industrial  and  Domestic  Power  Committee  will 
reach  headquarters  and  will  be  available  for  presenta- 
tion to  Section  or  Institute  meetings;  for  publication 
in  the  Journal  or  for  sale  by  headquarters  at  a  nominal 
fee.  With  the  interest  being  generated  in  the  plan,  we 
look  confidently  for  extremely  valuable  returns;  for 
treatises  on  industry  of  practical  value.  They  in 
no  sense  can  replace  the  work  of  the  consulting  engineer. 
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They  should  be  a  guide  in  the  study  and  planning  of 
industrial  applications. 

In  our  work  we  have  been  helped  by  men  not  of  the 
main  committee,  but  regularly  appointed  by  the 
President  to  our  several  subcommittees.  These  ap- 
pointments have  been  cheerfully  accepted,  and  such 
results  as  are  being  obtained  are  because  of  their 
service,  and  we  may  suggest  that  this  plan  has  brought 
into  active  Institute  service  men  whose  abilities  for 
such  service  were  not  otherwise  being  reached. 

The  personnel  of  the  several  subcommittees  follows: 

1.  Subcommittee  on  Motors  with  Particular 
Reference  to  Speed-Torque  Characxeristics. 

A.  M.  Dudley,  Chairman, 
R.  H.  Tillman,  A.  C.  Jjanior, 

Wilfred  Sykes,  John  C.  Parker. 

2.  Subcommittee  on  Domestic  Power  Application. 

H.  Woiehscl,  Chairman, 
James  Dixon,  C.  L.  Kennedy, 

A.  F.  Welch,  L.  L.  Keilholtz. 

Bernard  Lester,  Edgar  D.  Doyle. 

3.  Subcommittee  on  Applications  in  Printing  Industry. 

W.  C.  Kalb,  Chairman. 
W.  E.  Date,  John  D.  Nies, 

J.  C.  Lincoln,  Carl  F.  Scott. 

4.  Subcommittee  on  Applications  to  Cranes  and  Hoists. 

R.  H.  MeLain,  Chairman, 
H.  W.  Eastwood,  E.  Friedlaender, 

James  A.  Shepard. 

5.  Subcommittee  on  Applications  to  Machine  Tools. 

IL  D.  James,  Chairmnn, 
T.  E.  Bamum,  W.  C.  Yates, 

W.  T.  Snyder,  R.  H.  Goodwillie. 

6.  Subcommittee  on  Applications  to  Passenger  and 

Freight  Elevators. 
R.  H.  Goodwillie,  Chairman, 
H.  D.  James,  H.  P.  Reed, 

David  L.  Lindquist,  Charles  H.  Roth. 

7.  Subcommittee  on  Application  in  Textile  Industry. 

H.  W.  Cope,  Chairman, 
C.  T.  Guildford,  S.  B.  Paine, 

J.  C.  Ramsay,  D.  H.  Sadler. 

8.  Subcommittee  on  Applications  in  Cement  Industry. 

R.  B.  Williamson,  Chairman, 
H.  Weichsel,  C.  A.  Kelsey, 

J.  F.  Siegfried,  Arthur  Simon, 

S.  A.  Staege,  M.  R.  Woodward. 
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9.         Subcommittee  on  Application  in  Woodworking 

Industry. 
L.  E.  Underwood,  Chairman 
Truman  Hibbard,  Robert  L.  Smith 

S.  A.  Staege. 

10.  Subcommittee  on  Application  op  Electric  Energy 

in  Industrial  Heating. 
E.  V.  Buchanan,  Chairman, 
T.  E.  Penard,  H.  O.  Swoboda, 

W.  S.  Scott,  H.  A.  Winne. 

11.  Subcommittee  on  Applications  in  Rubber  Industry. 

W.  E.  Date,  Chairman, 
M.  Berthold,  A.  C.  Bunker, 

B.  T.  Mottinger.  C.  A.  Rice, 

H.  F.  Schippel. 

Most  of  the  subcommittees  have  made  reports  of 
their  activities  for  the  term.  It  is  impossible  to  give 
these  complete  in  this  report  without  making  it  un- 
wieldy. It  is  impractical  to  condense  them.  They 
should  have  individual  consideration,  and  their  read- 
ing amplifies  this  picture  of  our  work.  For  this  reason 
they  are  forwarded  herewith  for  the  information  and 
consideration  of  the  Board  of  Directors.  The  sub- 
committees in  the  main  have  worked  hard  and  con- 
scientiously to  develop  the  plan,  the  main  committee 
acting  as  a  clearing  house,  and  in  an  advisory  capacity. 
All  subcommittee  chairmen  are  members  of  the 
parent  committee.  But  the  burden  of  the  work  has 
fallen  to  the  subcommittees,  and  their  work  merits 
every  appreciation. 

The  outstanding  feature  in  electrical  industrial 
development  during  the  present  term  has  been  magni- 
tude of  production.  Demand  has  continued  greater 
than  supply  taxing  combined  production  to  the 
greatest  limit.  Probably  the  development  and  in- 
crease in  use  of  fractional  horse  power  motors  for 
domestic  and  small  industrial  use  has  been  the  greatest 
contributing  factor  in  this  total.  In  this  fractional 
field,  quantity  of  production  especially  is  to  be  em- 
phasized. In  general,  quantity  demand  has  been  the 
real  problem,  the  design  and  application  of  new  pro- 
ductions being  forced  to  second  place. 

In  larger  horse  power  fields,  the  increasing  use  of 
the  synchronous  motor  is  to  be  noted.    As  a  correo* 
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tive  of  the  power  factor  of  industrial  loads  it  continues 
not  only  desirable  but  a  growing  necessity  to  meet  a 
continual  problem.  In  this  connection,  the  use  of  the 
static  condenser  has  continued  as  a  power  factor 
corrective. 

The  use  of  the  direct-current  motor  in  its  several 
types  continues  accurately  as  does  the  use  of  the 
induction  motor.  In  general  there  is  continued  pro- 
gress in  the  standards  of  application  of  the  several 
types  of  motors  and  in  the  recognition  of  these  stand- 
ards and  away  from  misapplication,  and  great  credit 
must  be  accorded  to  the  discerning  intelligence  of 
the  engineers  connected  both  with  the  production  and 
use  of  motors  that  has  cooperatively  tended  to  bring 
this  about. 

The  Industrial  and  Domestic  Power  Committee 
particularly  appreciates  the  advice  of  your  committee 
on  technical  activities,  together  with  the  help  con- 
stantly accorded  from  our  Secretary's  office  at  head- 
quarters. As  a  committee,  we  have  tried  to  recognize 
fully  the  trust  imposed  and  bespeak  for  our  successors 
your  full  cooperation  in  the  work  we  are  undertaking. 

A.  G.  Pierce,  Chairman. 
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ANNUAL  REPORT  OF  THE 
MARINE  COMMITTEE 

To  the  Board  of  Directors, 

¥T  will  no  doubt  be  recalled  the  inception  of  the 

Marine  Committee  was  in  1913.  Little  actual  work 
was  accomplished  by  this  Committee  until  last  year, 
when  the  compilation  of  a  set  of  rules  for  electrical 
installation  on  shipboard  was  started,  together  with 
dissemination  of  knowledge  relative  to  that  subject 
to  the  electrical  engineers  of  the  newly  created  ship 
yards. 

The  immensity  of  the  work,  that  of  preparing  the 
Marine  Rules  started,  was  the  more  fully  appreciated 
as  the  work  progressed,  and  while  the  work  of  last 
year's  committee  was  very  commendable,  the  volume 
of  the  work  completed  was  performed  by  this  year's 
committee.  The  number  of  members  constituting 
the  committee  this  year  was  greatly  reduced  to  facil- 
itate the  work  and  curtail  expenses  as  much  as  possible. 

Eight  meetings  of  the  committee  were  held.  The 
first  meeting  was  given  over  to  the  appointment  of 
the  various  Committees  and  the  outlining  of  the  work 
of  each.  The  Ship  Installation,  Marine  Propulsion 
and  Historical  Committees  constituted  the  main  divi- 
sions. The  first  two  of  these  committees  were  sup- 
plemented by  subcommittees  to  look  after  the  vast 
amount  of  detail  work  involved  in  the  activities  of 
the  main  committee. 

In  last  year's  Annual  Report  of  the  Marine  Com- 
mittee it  was  sugge^ed  that  the  unfinished  work  of 
that  Committee  be  continued  this  year.  This  im- 
finished  work  consisted  of  the  completion  of  the  rules 
for  governing  the  installation  of  electrical  apparatus 
on  shipboard.  The  work  on  these  rules  that  was  not 
completed  consisted  of  the  following: 

Revision  of  Rules  prepared  last  year. 

Control  Equipments. 
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Alternating-Current  Apparatus  Control. 

Radio  Installations. 

Running  Lights,  etc. 

Fire  Alarm  Systems. 

(not  completed  by  subcommittees.) 

Tabulation  of  CJenerating  Sets. 

Storage  Battery  Installation. 

Gyro-Compass  Installation. 

Gyro  Stabilizing  Installation. 

Tabulation  of  Wires  and  Conductors. 

Appliances  in  vicinity  of  Compass. 

Inspection  Report  to  Classification  Societies. 

The  Rules  for  Electrical  Installations,  as  stated 
above,  have  now  been  completed  and  are  in  the  hands 
of  the  Secretary  to  be  passed  on  by  the  Board  of 
Directors.  These  Rules  will  be  published  in  pamphlet 
form  and  it  is  the  intention  that  they  be  sold  at  a 
nominal  figure. 

Too  much  credit  cannot  be  given  to  the  various 
members  of  the  Ship  Installation  Committee  and  the 
Chairman,  Mr.  G.  A.  Pierce,  in  particular  for  the  work 
accomplished,  as  we  believe  these  rules  to  be  the  most 
complete  and  comprehensive  ever  formulated  by  any 
society,  covering  as  they  do  practically  every  phase  of 
the  electrical  field  as  applied  to  ship  work  and  extending 
the  field  of  the  Institute  to  practical  installations. 
This  being  an  innovation  on  the  part  of  the  Institute, 
the  attitude  of  the  ship  owners,  builders  and  classifica- 
tion societies  relative  to  their  adoption  is  eagerly 
awaited.  Several  new  features  are  also  introduced, 
which  will  probably  extend  the  field  of  this  work  to 
a  marked  degree. 

The  rules  as  now  completed  have  been  referred  to 
the  various  classification  societies  and  the  emergency 
Fleet  Corporation,  all  of  which  were  given  oppor- 
tunity to  comment.  This  method  of  action  has 
gone  far  to  put  in  composite  form  the  work  as  viewed 
from  the  different  angles.  When  published,  copies 
of  the  rules  are  to  be  forwarded  to  the  Institute  of 
Electrical  Engineers  of  England,  France  and  Italy. 

As  the  work  of  the  Ship  Installation  Subcommittee 
neared  completion,  it  was  found  that,  due  to  the  mag* 
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nitude  of  this  work,  it  would  be  necessary  to  have 
someone  care  for  the  preparation  of  it,  in  order  that 
it  could  be  put  in  final  form  for  publication.  It  was 
therefore  decided  to  appoint  an  Editing  Committee, 
whose  duty  it  would  be  to  correlate  the  vast  amount 
of  information  contained  in  these  rules.  The  work  of 
this  committee  was  no  easy  task  and  we  therefore 
take  this  opportunity  of  complimenting  it  on  its  labors 
in  connection  with  this  work. 

The  Marine  Propulsion  Committee  has  prepared 
its  historical  and  data  work  and  it  is  suggested  that 
this  be  put  in  form  to  be  published  in  the  Journal  of 
the  Institute,  as  a  means  of  drawing  out  discussion 
and  additional  data  as  regards  this  subject.  It  was 
decided  to  await  experience  on  electrically  propelled 
ships,  soon  to  be  put  in  service,  rather  than  introduce 
data  based  on  theory  only.  It  is  suggested  that  this 
feature  be  given  careful  thought  and  consideration 
during  the  coming  year,  as  many  new  ideas  will  prob- 
ably  result  from  the  experience  gained  by  that  time. 

Historical  Committee 

The  Historical  Subcommittee  has  prepared  a 
Historical  Review  of  the  Use  of  Electricity  on  Ship- 
board. This  review  accompanies  and  forms  a  part  of 
this  report.  A  more  complete  account  will  be  prepared 
for  publication  in  the  Journal  of  the  Institute.  This 
is  considered  a  very  important  work,  as  the  evidences 
of  the  use  of  electricity  in  the  marine  field  are  only 
fragmentary  and  should  be  placed  in  a  form  of  record, 
as  a  matter  of  history.  When  this  is  accomplished,  it 
will  then  be  a  very  simple  matter  to  add,  from  time 
to  time,  the  outstanding  events  in  their  chronological 
order.  This  historical  feature  is  one  that  should  not 
be  lost  sight  of  in  the  work  of  future  committees. 

In  line  with  the  requirements  of  the  rules  as  now 
completed,  governing  the  installation  of  electrical 
apparatus  on  merchant  ships,  it  is  suggested  that 
next  year's  committee  take  up  the  matter  of  approval 
of  various  fixtures,  fittings,  etc.,  with  the  end  in  view 
of  having  these  meet  the  requirements  of  the  new 
rules.    It  is  believed  that  the  preparation  of  General 
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Construction  Specifications,   covering  various  appli- 
ances should  be  performed  by  the  Marine  Committee. 

One  of  the  ideas  brought  forth  during  the  year,  was 
the  consideration  of  terminal  facilities  at  marine  piers. 
This  is  more  or  less  a  new  activity,  as  very  little  has 
been  done  thus  far  to  facilitate  the  handling  of  cargoes 
at  these  terminals.  The  field  is  large  and  is  therefore 
due  a  considerable  amount  of  thought. 

In  conclusion,  I  feel  that  particular  comment  should 
be  given  to  large  attendance  of  the  members  of  this 
committee  at  the  regular  meetings  and  the  splendid 
spirit  of  co-operation  existing  between  these  various 
members.  It  is  only  in  such  harmony  that  the  greater 
results,  for  which  we  all  hope,  are  to  be  attained. 

Arthur  Parker,  Chairman. 

FIISTORICAL  REVIEW  OF  THE  USE  OF 
ELECTRICITY  ON  SHIPBOARD 

The  marine  field  has  probably  been  one  of  the  most 
backward  in  the  adoption  and  development  of  electri- 
cal apparatus  which  in  the  main,  we  believe  has  been 
due  to  the  traditional  conservatism  of  the  seafaring 
man.  'WTiile  electricity  was  used  to  a  very  limited 
extent  as  far  back  as  1882  for  interior  communication, 
watertight  bells,  buzzers,  annunciators,  etc.,  having 
been  installed  by  the  Chas.  Cory  &  Son  Co.  on  the 
Santa  Rosa  about  this  time,  and  in  the  Navy  electrical 
instruments  were  installed  on  the  Trenton  in  1883, 
apparently  one  of  the  first,  if  not  the  very  first,  electric 
light  installations  was  also  made  on  the  Trenton  about 
this  time,  at  New  York  Navy  Yard.  All  early  lighting 
installations  were  Edison  bipolar  generators  belt  driven 
to  an  Armington-Sims  or  other  reciprocating  type 
engine.  Voltmeters  were  not  used  imtil  after  the 
early  '80s,  and  field  regulation  was  not  indulged  in 
until  about  the  same  time,  all  of  the  early  installations 
simply  having  a  pilot  light  on  the  generator  for  gauging 
the  voltage  and  candle  power  of  the  lamps. 

Early  wiring  was  installed  in  wood  mouldings,  and 
we  believe  that  Habirshaw  wire  was  considered  the 
standard  in  the  early  installations,  which  was  rubber 
covered  with  tape  outside.  Branches  were  in  most 
cases  spliced  and  the  first  junction  branch  boxes  were 


TECHNICAL  COMMITTEE  REPORTS  883 

used  about  1885-1886.  Fuses  were  used  about  the 
same  time,  usually  using  an  ordinary  single  fuse  placed 
in  the  branch  circuit  on  a  small  insulating  base  which 
was  inserted  in  the  moulding. 

The  first  marine  telephones,  we  believe,  were  in- 
stalled on  the  U.  S.  Cruiser  New  York  (the  first  New 
York)  about  the  year  1890.  They  were  single  direct 
circuits,  i.  e.,  two  telephones  used  in  place  of  voice 
tubes.  The  instruments  were  of  the  "Bell"  type  and 
installed  by  Chas.  Cory  and  Sons.  The  first  "loud 
speaking"  marine  telephones  were  installed  on  the 
Korea  and  Siberia  and  the  U.  S.  S.  Charlestown,  about 
1895. 

The  first  complete  central  energy  (operator's) 
switchboard  telephone  systems  were  installed  on  the 
S.  S.  Le  Grande  Duchesse  built  at  Newport  News  about 
the  years  1897-1898.  Pneumatic  electric  bells  and 
annunciators  were  used  quite  extensively  on  ships 
during  the  period  1878-1890. 

While  the  records  are  not  clear  we  have  every  reason 
to  believe  that  electric  bells  were  installed  in  the  Navy 
on  ships  at  least  ten  years  previous  to  the  first  electric 
light  installation  on  the  Trenton. 

The  most  conspicuous  example  of  the  use  and  rapid 
development  of  electricity  on  shipboard  has  been  in 
the  American  Navy,  which  has  not  only  been  for  years 
a  larger  user  of  electrical  machinery  than  the  merchant 
marine,  but  also  has  led  the  navies  of  the  world  in 
this  respect. 

Lighting  equipments  were  installed  in  the  Navy  on 
several  of  the  early  vessels,  beginning  with  the  Trenton, 
and  certain  power  applications  installed,  such  as  the 
ammunition  hoists  on  the  Cruiser  New  York  and  the 
Battleships  Massachusetts,  Indiana  and  Oregon,  turret 
turning  equipment  on  the  Cruiser  Brooklyn,  and  certain 
minor  auxiliaries  such  as  ammunition  hoists  on  the 
gun  boats  Wilmington  and  Helena.  The  extensive  use 
of  electrical  apparatus  for  lighting  and  power  purposes 
was  not  made  however,  imtil  the  Battleships  Kearsage 
and  Kentucky  were  constructed  in  1898-1900,  these 
vessels  having  seven  50-kw.  engine-driven,  80-volts 
generating  sets,  which  were  operated  in  series  on  a  3- 
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wire  system  to  give  80  volts  for  lighting,  and  two  volt- 
ages 80  and  160,  for  power  motors.  The  major  portion 
of  the  auxiliaries  on  these  battleships  were  electrically 
operated,  including  the  winches,  boat  cranes,  venti- 
lation fans,  broadside  ammunition  hoists  and  turret 
auxiliaries.  The  anchor  windlass  and  steering  gear 
however,  were  steam  driven. 

After  the  Kearsage  and  Kentucky  some  succeeding 
battleships  continued  in  many  of  their  auxiliaries  the 
use  of  steam  drive,  and  the  Kearsage  and  Kentucky  are 
the  only  instances  in  the  Navy  of  the  use  of  the  3- 
wire  control. 

About  1902  the  Navy  Department  devised  an  electric 
steering  gear  operated  on  the  follow-up  system  and 
purchased  apparatus  of  different  manufacturers  to 
effect  installation  on  one  of  the  small  monitors  which 
had  then  been  recently  constructed.  The  results  ob- 
tained from  this  equipment  were  not  satisfactory  how- 
ever. This  question  remained  under  discussion  for 
a  number  of  years  until  about  1909,  when  a  contract 
was  placed  for  supplying  electric  steering  gear  for  the 
Cruiser  Des  Moines  with  the  Cutler-Hammer  Mfg.  Co. 
For  this  purpose  the  use  of  an  electric  motor  taking 
its  power  direct  from  the  dynamo  mains  and  operated 
by  an  automatic  controller  was  advocated.  The  results 
of  this  trial  eciuipment  were  so  satisfactory  that  it 
eventually  resulted  in  the  use  of  electricity  for  the 
steering  of  all  capital  vessels  in  the  Navy,  the  later 
installations,  beginning  with  the  Battleship  New  Mex- 
ico, employing  the  use  of  the  electro  hydraulic  gear  in- 
stead of  the  direct  motor  drive,  and  to  the  exclusion 
of  the  steam  drive. 

Beginning  with  the  Battleships  Nevada  and  Oklahoma, 
electrical  equipments  were  provided  for  the  anchor 
hoist  gear,  which  proved  so  generally  satisfactory  that 
all  subsequent  capital  ships  have  specified  electrical 
drive  for  this  auxiliaiy,  thus  practically  completing 
the  application  of  electricity  to  all  auxiliaries  on  cap- 
ital naval  vessels. 

The  use  of  electricity  for  lighting  and  auxiliary  ix>wer 
purposes  in  the  Navy  having  proved  so  generally  suc- 
cessful, the  General  Electric  Co.  was  granted  contract 
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for  the  installation  of  electric  drive  on  the  Collier 
Jupiter  in  1911  which  proving  satisfactory,  a  contract 
was  given  to  the  same  company  for  the  installation 
of  electric  drive  on  the  Battleship  New  Mexico,  which 
continuing  the  satisfactory  results  obtained,  all  battle- 
ships and  battle  cruisers  authorized  since  the  New  Mex- 
ico have  included  the  electric  drive,  and  undoubtedly 
it  will  remain  the  means  of  propelling  capital  ships  of 
the  Navy. 

In  the  submarine  branch  of  the  Navy  various  means 
of  supplying  the  necessary  power  for  propulsion  on 
early  boats  when  submerged  were  used,  such  as  hand 
power,  compressed  air,  and  steam.  With  the  develop- 
ment however,  of  the  storage  battery, ,  the  application 
of  electrical  apparatus  to  the  submarine  made  rapid 
advancement  and  made  the  modem  type  of  submarine 
possible.  In  the  modem  submarine,  besides  using 
motors  and  storage  batteries  for  propulsion  purposes, 
all  auxiliary  machinery  such  as  hydroplane,  steering 
gear,  pumps,  windlasses,  machine  tools,  periscope 
hoists,  etc.,  are  electrically  operated,  electricity  also 
being  used  for  lighting,  sound  detecting  devices  and 
interior  communication  devices  of  various  kinds.  The; 
growth  of  electricity  in  the  case  of  submarines  may  be 
noted  from  the  fact  that  the  early  successful  types 
were  equipped  only  with  electric  lighting,  bell  signals 
and  motors  for  propulsion  under  50-h.p.,  whereas  in 
the  most  recent  electric  propulsion,  motor  power  has 
reached  about  3000  h.p.  As  a  matter  of  historical 
interest,  the  first  application  of  the  use  of  propulsion 
motors  for  submarines  arranged  with  two  armatures 
on  the  same  shaft  was  made  by  the  Lake  Torpedo 
Boat  Co.  on  submarines  built  in  Russia  for  that  Govern- 
ment and  designed  in  1906  and  furnished  with  con- 
tactor type  of  controllers  arranged  for  series  parallel 
operation  of  the  armatures  as  supplied  by  the  Cutler- 
Hammer  Mfg.  Co.,  this  type  of  motor  and  system  of 
control  being  now  extensively  used  in  the  later  sub- 
marines of  the  American  Navy. 

The  American  Navy  therefore,  at  the  present  time, 
is  a  user  of  electricity  for  practically  all  purposes  for 
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lighting  and  power  and  extensively  for  interior  com- 
munication work. 

While  the  American  Navy  has  led  all  other  navies 
of  the  world  in  the  use  of  electricity,  Europe  seems  to 
have  led  this  country  in  the  trial  of  electrical  auxili- 
aries for  use  on  merchant  vessels,  and  while  electricity 
has  been  used  generally  for  lighting  and  some  interior 
communication  purposes  on  merchant  vessels  for  years, 
it  has  been  employed  but  to  a  very  limited  extent  for 
power  purposes  imtil  the  advent  of  the  oil-engine- 
driven  ship,  the  most  notable  instances  of  this  kind 
being  the  fleet  of  vessels  constructed  by  Burmeister  and 
Wain  of  Copenhagen,  the  Christian  X  being  one  of  the 
first  vessels  so  constructed  by  this  company,  and  its 
first  voyage  to  this  country  created  marked  attention. 
Since  that  time  it  is  understood  that  some  70  or  more 
vessels  of  this  type  have  been  constructed  and  pro- 
jected by  that  company. 

In  1916  and  '17  a  number  of  merchant  vessels  were 
projected  in  this  country,  including  tankers  and  cargo 
vessels  employing  electrical  auxiliaries,  among  others 
being  the  Tanker  La  Brea  with  electric  operated  pumps 
and  the  Tanker  Solitaire  just  completed  by  the  Texas 
Co.,  having  oil-engine  drive  and  electrical  auxiliaries 
throughout,  including  electric  heating.  Other  in- 
stances are  six  tank  vessels  constructed  by  the  Penn- 
sylvania Shipbuilding  Co.  propelled  by  geared  steam 
turbines  and  having  electrical  auxiliaries. 

At  the  present  time  there  are  a  number  of  oil-engine- 
driven  cargo  vessels  with  electric  auxiliaries  and  others 
with  electric  drive  and  electric  auxiliaries  being  pro- 
jected in  this  country,  and  it  is  believed  from  this  time 
the  field  will  rapidly  broaden  until  a  great  many  of  the 
merchant  vessels  will  be  so  propelled  and  operated. 

Extensive  progress  has  been  made  recently  in  the 
merchant  field  in  the  use  of  the  electric  drive,  the  first 
installation  on  record  in  this  country  being  two  fire 
boats  constructed  in  1908  on  the  Great  Lakes.  Since 
these  first  installations  in  1908,  a  total  of  28  elec- 
trically propelled  vessels  have  been  constructed  or 
projected,  all  but  three  of  these  being  built  or  building 
in  this  country.    Among  these  may  be  mentioned 
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the  four  tankers  constructed  by  the  Pan  American 
Petroleum  Transport  Co.,  the  trawler  Mariner  equip- 
ped at  the  New  London  Ship  and  Engine  Bldg.  Co/s 
works,  the  passenger  ship  Cuba^  the  12  ships  projected 
by  the  Shipping  Board,  and  the  cargo  vessel  Wulsty 
Castle  constructed  in  England.  This  growing  use  of 
electric  drive  within  the  last  two  or  three  years  would 
indicate  a  still  further  and  more  rapid  adoption. 

While  the  above  gives  a  preliminary  and  general 
outline  of  the  history  and  development  of  electricity 
on  shipboard,  a  more  complete  and  detailed  historical 
review  of  this  subject  will  be  compiled  during  the  com- 
ing year  for  submission  to,  and  publication  by,  the 
Institute. 

H.  L.  HiBBARD 
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ANNUAL   REPORT   OF  THE   LIGHTING   AND 

ILLUMINATION  COMMITTEE 

To  the  Board  of  Directors, 

T  BEG  to  submit  on  behalf  of  the  Lighting  and 
Illumination  Committee  the  following  report  for 
the  year  1919-20. 

Activities  of  the  Committee 

Your  Lighting  and  Illumination  Committee,  at  its 
meeting  on  October  10th.,  1919,  decided  to  conduct 
a  symposium  on  * 'Distribution  Systems  for  Street 
Lighting"  at  one  of  the  Institute  meetings  of  the  year, 
and  to  schedule,  if  possible,  a  paper  on  "An  Analysis 
of  Daylight  Saving"  at  the  Midwinter  Convention. 
These  plans  resulted  in  holding  the  national  meeting 
in  Chicago  on  January  9th  and  10th  under  the  aus- 
pices of  this  Committee,  at  which  three  papers  were 
read  dealing  with  street  lighting  distribution  systems* 
One  of  these  papers  on  series  systems  was  presented  by 
W.  P.  Hurley,  another,  on  multiple  systems,  by  Ward 
Harrison,  and  a  third,  on  constant  potentisd  series 
systems,  by  Charles  P.  Steinmetz. 

The  Chicago  meeting  was  very  successful  and  the 
discussions  at  both  sessions  were  as  complete  as  time 
permitted.  At  the  afternoon  session,  prepared  dis- 
cussion was  presented  by  C.  H.  Shepard  of  the  Lin- 
coln Park  Board,  Chicago;  by  N.  B.  Hinson,  of  the 
Southern  California  Edison  Co.;  by  F.  F.  Fowle  and 
W.  F.  Parker.  In  the  evening,  following  Dr.  Stein- 
metz's  paper,  illustrated  discussion  was  presented  by 
F.  A.  Vaughn  together  with  a  description  of  the  new 
group  lighting  system  now  used  in  Chicago  for  under- 
ground distribution  for  residence  street  lighting,  by 
Deputy  Commissioner  Nixon.  The  newest  things 
brought  out  in  this  discussion  were  the  Chicago  group 
lighting  system  and  the  conduit  return  system  used  in 
Southern  California. 
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At  the  Midwinter  convention  in  New  York  in  Feb- 
ruary 1920,  a  paper  on  "Daylight  Saving"  was  pre- 
sented by  Preston  S.  Millar  under  the  auspices  of  the 
Lighting  and  Illumination  Committee.  This  paper 
contained  a  comprehensive  analysis  of  the  subject  and 
the  general  purpose  kept  in  view  by  the  author  in  the 
preparation  of  the  paper  is  indicated  by  the  following 
quotation  from  the  opening  paragraph  of  his  remarks: 

In  accepting  the  invitation  of  the  Lighting  and  Illumination 
Committee  to  present  a  paper  on  ''Daylight  Saving,'*  the 
author  stipulated  that  in  order  to  consider  the  subject  compre- 
hensively, a  considerable  part  of  the  paper  would  have  to  be 
devoted  to  matters  remote  from  electrical  engineering.  The 
economic  and  sociologrical  aspects  of  daylight  saving  surpass 
in  importance  the  effect  upon  use  of  artificial  light.  Any 
treatment  which  should  ignore  these  important  features  would 
lack  perspective  and  would  be  likely  still  further  to  increase 
confusion  on  a  subject  which  is  greatly  in  need  of  clarification. 
Accordingly  this  paper  includes  a  brief  survey  of  daylight 
saving  in  its  several  aspects. 

Your  Lighting  and  Illumination  Conmiittee  de- 
cided this  year,  as  last  year,  to  send  a  circular  letter 
to  the  Chairmen  of  all  of  the  Institute  Sections,  sug- 
gesting that  one  meeting  of  the  year  in  each  Section 
might  profitably  be  devoted  to  an  illumination  topic. 
The  following  quotations  from  this  year's  letter  will 
indicate  the  point  of  view  taken  by  the  Committee: 

At  the  last  meeting  of  the  Lighting  and  Illumination  Com- 
mittee of  the  American  Institute  of  Electrical  Engineers  held 
on  October  10,  1919,  in  Philadelphia,  it  was  decided  to  suggest 
to  the  Chairmen  of  the  various  Institute  Sections  that  it  might 
be  desirable  to  include  on  the  program  for  the  current  year  one 
meeting  devoted  to  some  illumination  topic. 

Where  the  Local  Section  of  the  Institute  is  in  a  territory 
having  a  Local  Section  of  the  Illuminating  Engineering  Society 
it  would  be  desirable  in  connection  with  the  meeting  devoted 
to  illumination  to  have  said  meeting  as  a  joint  session  between 
the  two  organizations. 

The  responses  to  this  letter  were  widespread  and  a 
number  of  excellent  papers  dealing  with  various 
aspects  of  lighting  and  illumination  were  presented 
before  some  of  the  Local  Sections  diuing  the  course 
of  the  year. 

Developments  in  the  Lighting  Field 
Under  date  of  January  16,  1920,  the  Chairman  of 
the  Board's  Committee  on  Technical  Activities  sent 
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a  letter  to  the  Chairmen  of  the  Technical  Committees, 
which  contained,  among  other  items,  the  following: 

It  was  brought  out  very  strongly  at  the  last  annual  convention 
in  the  discussion  of  the  Development  Committee's  report  that 
the  reports  of  Technical  Committees  should  cover  the  activity 
in  the  particular  line  covered,  so  that  anyone  reading  these 
reports  from  year  to  year  would  obtain  a  review  of  the  progress 
of  the  art. 

These  reports  should  cover  notable  installations  or  develop- 
ments during  the  year  and  it  is  suggested  in  view  of  the  fact 
that  in  the  past  little  has  been  done  in  this  respect,  that  the 
reports  might  be  a  review  of  the  state  of  the  art  up  to  date. 
One  plan  that  was  suggested  which  seemed  to  have  considerable 
merit,  was  that  the  Chairman  of  the  Committee  might  appor- 
tion to  different  members  of  the  Committee  certain  parts  of  the 
field  covered  by  the  Committee's  activities,  and  these  should 
be  edited  and  combined  to  be  the  report  of  the  Committee. 

Acting  on  this  suggestion,  the  Chairman  of  your 
Lighting  and  Illumination  Conunittee  has  addressed 
the  members  of  the  Committee  in  an  effort  to  gather 
the  important  developments  in  the  lighting  field. 
These  have  been  edited  and  combined  so  as  to  be  the 
main  portion  of  this  report.  It  should  be  stated  in 
advance,  however,  that  the  developments  in  the  field 
of  street  lighting  distribution,  which  were  covered  in 
the  papers  read  before  the  Chicago  meeting  in  January, 
will  not  be  discussed  in  this  report,  since  they  will  be 
found  completely  treated  in  the  Transactions  of  the 
Institute.  The  same  statement  applies  to  the  import- 
ant question  of  "Daylight  Saving"  which  was  covered 
in  the  paper  before  the  Midwinter  convention,  and 
which  will  be  found  in  the  Institute  Journal  for 
February,  1920. 

General  Notes 

As  one  of  the  results  of  the  war,  in  its  effects  on  the 
lighting  field,  a  number  of  interesting  papers  have 
been  presented  during  the  past  year.  The  titles  of 
several  of  these  papers  will  indicate  the  rather  unusual 
character  of  the  material  which  has  been  gathered 
under  war  conditions.  Among  these  may  be  mentioned 
the  following:  "The  Science  of  Marine  Camouflage 
Design,"  "Painting  Battleships  for  Low  Visibility," 
"Camouflage,"  "The  Principles  of  Camouflage"  and 
"Industrial  Lighting  and  its  Relation  to  the  War/' 
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Following  the  war,  the  past  year  has  witnessed  an 
unusual  increase  in  the  interest  taken  in  lighting  in 
general.  It  has  been  felt  that  the  past  twelve  months 
have,  in  fact,  marked  an  awakening  among  the  users 
to  the  possibilities  of  artificial  light.  This  has  been 
evidenced  by  the  efforts  made  by  various  societies, 
organizations  and  associations,  to  have  placed  before 
them  the  facts  as  to  what  light  can  do  in  the  way  of 
increasing  production,  decreasing  accidents  and  of 
improving  the  morale  of  employees  in  industrial  plants. 
It  would  appear  that  a  transition  period  is  in  progress 
in  the  lighting  field,  if  one  can  judge  by  the  trend  of 
the  developments  during  the  year.  Among  these 
developments  the  following  may  be  mentioned: 

1.  A  widespread  recognition  of  good  lighting  as  an 
important  aid  to  manufacturing. 

2.  The  increasing  use  of  the  foot-candle  meter  as  a 
means  of  checking  illumination  intensity  in  various 
parts  of  a  lighted  room. 

3.  Progress  of  industrial  lighting  codes. 

4.  Progress  in  automobile  lighting  regulations  in 
several  states. 

5.  Development  of  the  bowl  enameled  Mazda  C 
lamp  to  give  better  diffusion.  The  latest  lamps  of 
this  type  have  a  feathered  edge  of  the  enameling  to 
prevent  a  sharp  "cut  off"  line. 

6.  The  proposal  of  a  plug  outlet  for  permitting  the 
convenient  change  of  ceiling  and  wall  fixtures. 

7.  The  increasing  tendency  on  the  part  of  fixture 
manufacturers  to  make  and  advertise  ready-to-hang 
types  of  fixtures.  These  fixtures  are  principally  for 
commercial  and  industrial  lighting  but  there  is  also 
some  tendency  to  invade  the  residence  lighting  field, 
which  seems  to  be  an  improvement  both  from  the 
scientific  and  the  commercial  standpoints. 

8.  The  formation  of  the  fixture  manufacturers 
association,  with  an  attempt  (as  mentioned  in  item  6 
above)  to  perfect  a  method  of  fixture  hanging  which 
will  permit  electric  light  fixtures  to  be  hung  as  easily 
as  a  picture  and  moved,  by  the  renter,  as  easily  as  a 
portable  lamp  can  be  moved,  thus  encouraging  the 
renter  to  install  improved  fixtures  as  a  substitute 
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for  bad  designs  often  found  to  be  in  use  when  a  house 
or  an  apartment  is  rented. 

9.  Progress  in  the  enforcement  of  the  industrial  and 
automobile  headlight  codes.  New  York,  Connecticut, 
California,  Wisconsin  and  Pennsylvania  have  adopted 
the  I.  E.  S.  S.  A.  E.  automobile  headlight  specifications, 
and  it  is  reported  that  in  all  of  these  states,  except  New 
York,  there  are  practical  attempts  at  enforcement, 
which  are  gradually  producing  results  that  are  favor- 
able. 

10.  An  important  development  in  street  lighting 
units  is  the  "Duoflux"  standard.  This  unit  contains 
two  lamps  (in  one  type,  one  1000  candle-power  and 
one  250  candle-power)  and  by  means  of  a  relay  located 
in  the  casing  of  the  fixture,  the  1000  candle-power  lamp 
will  be  extinguished  at  midnight,  and  the  250  candle- 
power  lamp  lighted. 

Developments  in  Lighting  Units 

The  RLM  standard  dome  reflectors  have  during  the 
year  become  more  widely  adopted  and  nearly  all  the 
leading  steel  reflector  manufacturers  recommend  these 
standards  for  industrial  lighting. 

Among  the  new  fixtures  and  auxiliaries  developed 
during  the  year,  there  may  be  mentioned  the  enclosing 
type  of  interior  units  which  consist  of  a  combination 
reflector,  a  diffuser  and  an  enclosing  globe  in  one  piece. 
Another  interesting  development  has  been  that  of 
simplified  units  of  the  semi-indirect  type,  and  the  in- 
creased application  of  the  incandescent  lamp  for 
moving  picture  projection.  In  street  lighting,  the 
single  unit  of  high  candle  power  has  quite  largely 
replaced  the  cluster  form  of  post,  the  former  being 
considered  superior  both  from  the  standpoint  of  elBS- 
ciency  as  well  as  of  appearance. 

Luminous  arc  lamp  efficiencies  have  been  increased 
by  the  compounding  under  high  pressure  of  the  in- 
gredients of  the  electrodes.  It  is  reported  that  by 
this  means,  30  to  40  per  cent  more  light  is  produced 
than  with  the  previous  standard  electrodes,  with  at 
least  equal  life.  For  the  same  light  as  formerly,  in- 
creased life  of  the  electrodes  is  expected. 
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Important  Lighting  Installations 

The  unusual  lighting  effects  secured  at  the  Chicago 
and  the  Buffalo  electrical  shows  in  1919  may  be  men- 
tioned. At  Chicago,  the  so  called  "Palace  of  Aladdin^' 
was  housed  in  a  structure  50  feet  high,  and  interesting 
lighting  effects  secured  with  glass  jewels,  painted 
mirrored  glass  and  flood  lights.  At  Buffalo,  5000 
whit£  Mazda  lamps  were  employed  along  with  nearly 
5000  illuminated  disks  distributed  among  the  roof 
girders.  The  application  of  spectacular  lighting  of  this 
general  nature,  was  seen  at  its  best,  perhaps,  in  the 
"Jewel  Portal  for  the  Victorious  Army"  in  New  York 
and  the  "Altar  of  Victory"  in  Chicago.  The  use  of 
30,000  so  called  jewels  in  each  of  these  remarkable 
lighting  displays,  contributed  largely  to  the  spectacular 
effects  secured. 

The  effect  of  the  war  on  industrial  lighting  has  been 
to  stimulate  the  interest  taken  in  better  factory  light- 
ing the  past  year.  The  tendency  to  employ  illumina- 
ting engineers  for  the  handling  of  industrial  lighting 
schemes,  rather  than  to  entrust  this  work  to  the  elec- 
trical department  as  heretofore,  has  been  noticed/ 
In  one  large  industry  a  research  is  being  conducted  to 
ascertain  the  effects  of  lighting  on  production.  The 
large  increase  in  wages  in  the  industries,  with  very 
little  increase  in  the  cost  of  factory  lighting,  has  re- 
duced the  cost  of  good  lighting  in  terms  of  wage  equiva- 
lents. This  same  fact  has  also  made  lighting  the  more 
important  in  terms  of  its  effects  on  increased  produc- 
tion and  reduced  spoilage. 

A  notable  example  of  modem  factory  lighting  in- 
stallations is  contained  in  a  booklet  recently  issu^  by 
one  of  the  lamp  manufacturers.  It  would  have  been 
very  difficult  a  short  time  ago  to  have  published  a 
book  of  this  kind  without  relying  upon  the  artist  to 
touch  out  undesirable  features  and  to  paint  in  de- 
sirable ones.  This  entire  booklet  contains  unretouched 
photographs  of  industrial  lighting  installations  and  is 
a  commentary  upon  the  improvements  which  have 
been  made  in  this  part  of  the  illumination  field. 

In  street  lighting  a  number  of  important  instal- 
lations have  been  made.    Among  these  may  be  men- 
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tioned  the  main  street  lighting  in  Salt  Lake  City  con- 
sisting of  70  standards,  each  equipped  with  three  6.6- 
ampere  ornamental  luminous  arc  lamps.  These  units 
are  spaced  about  100  feet  and  the  overall  height  is 
29  feet.  Although  this  particular  system  was  put  into 
operation  prior  to  the  current  year,  it  represents  an 
example  of  intensive  street  lighting  which  is  coming 
more  and  more  into  prominence.  More  recent  sys- 
tems of  intensive  street  lighting  are  the  Triangle 
Lighting  in  San  Francisco,  first  put  into  operation  in 
January  1919,  and  the  Broadway  system  in  Los 
Angeles,  put  into  operation  in  January  1920.  The 
latter  installation  consists  of  134  two-light  ornamental 
luminous  arc  standards  106  feet  apart  and  27  feet  high. 
The  installation  cost  was  about  $6.50  per  front  foot 
of  property,  and  the  annual  operating  cost  is  about 
$1.00  per  front  foot. 

The  Broadway  system  at  Saratoga  Springs  is  of 
interest  in  that  about  a  mile  of  street  is  to  be  lighted 
by  69  of  the  new  "Duoflux"  units  mentioned  above. 
Each  of  these  units  contains  two  lamps,  one  of  1000 
candle  power  and  one  of  250  candle  power.  This 
installation,  which  is  to  be  put  into  operation  about 
June  1920,  will  cost  about  $32,000  for  its  installation 
and  for  operation,  about  $10,350  per  annum. 

Contributions  to  the  Art 

Important  papers  contributed  during  the  year  in- 
clude a  discussion  entitled  "CoelBScients  of  Utilization" 
by  Ward  Harrison  and  Earl  A.  Anderson,  published 
in  the  March  20,  1920  issue  of  the  Transactions  of  the 
Illuminating  Engineering  Society.  This  paper  pre- 
sents a  method  for  the  direct  determination  of  coeffi- 
cients of  utilization  applying  to  installations  of  all 
ordinary  types  of  lighting  units  in  rooms  of  varied 
proportions  and  different  ceiling  and  wall  colors. 
Actual  colors  for  ceiling  and  wall  surfaces  covering 
32  different  shades  with  the  corresponding  reflection 
factors  are  included  in  the  printed  paper. 

A  paper  on  "Opportunities  of  Extending  Lighting 
through  New  Applications"  was  read  by  R.  M.  Searle 
before  the  annual  convention  of  the  Illuminating  En- 
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gineering  Society  in  October  1919,  which  contains 
references  to  the  following  divisions  of  the  lighting 
field:  Street  Lighting,  Display  Lighting,  Flood  Light- 
ing, Lighting  of  Freight  Terminals,  Industrial  Light- 
ing, Stairway  Lighting  and  Lighting  for  Community 
Affairs,  this  list  giving  an  idea  of  some  of  the  fields  in 
which  developments  may  be  expected. 

The  following  quotation  from  an  address  of  President 
S.  E.  Doane  before  the  Thirteenth  annual  convention 
of  the  Illuminating  Engineering  Society  is  of  interest: 

The  war  has  taught  us  that  we  have  been  regarding:  electric 
lighting,  to  use  a  phrase  that  one  of  my  associates  has  given  me, 
as  a  janitor  service,  whereas  wc  should  have  looked  at  lighting 
as  an  item  in  the  cost  of  production  or  in  the  cost  of  sales,  and 
regarded  it  as  any  other  factor  in  the  cost.  Then  we  would 
have  examined,  as  have  men  within  the  last  year  or  two,  under 
what  light  wo  could  get  the  maximum  of  visual  acuity  or  speed 
of  visual  reaction.  During  the  war  time  we  have  had  some 
demonstrations.  Mr.  Durgin  has  given  the  most  and  the  best 
of  the  practical  demonstrations  of  how  to  apply  this  knowledge 
that  visual  acuity  increases  with  the  intensity  of  light  and  the 
speed  of  reaction  increases  production. 

Its  application  to  production  has  been  spectacular,  and  the 
results  have  been  remarkable.  As  a  matter  of  interest  and  as 
a  measure  of  our  opportunities  I  would  like  to  use  some  figures 
from  the  lamp  industry.  Sixty-five  per  cent  of  the  output  of 
the  lamp  manufacturers,  according  to  our  estimates,  is  used  in 
that  portion  of  our  business  which  would  be  affected  by  this 
knowledge.  In  other  words,  more  than  half  of  the  electric 
lighting  of  this  country  can  bo  affected  and  will  be  affected  by 
the  better  knowledge  we  have  of  the  production  or  increase 
in  visual  acuity  and  speed  of  visual  reaction  under  intensive 
lighting. 

For  those  who  may  be  especially  interested  in  the 
progress  of  the  lighting  and  illumination  art,  attention 
is  directed  to  the  annual  report  of  the  Committee  on 
Progress  published  each  year  by  the  Illuminating  En- 
gineering Society.  The  last  report  of  this  kind,  cov- 
ering 80  pages,  will  be  found  in  the  Transactions  of  the 
Illuminating  Engineering  Society  for  November  20, 
1919. 

C.  E.  Clewell,  Chairman. 
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ANNUAL  REPORT  OF  THE  POWER  STATION 

COMMITTEE 

To  the  Board  of  Directors, 

DURING  the  year  1919-1920  the  Committee  held 
two  meetings,  mainly  devoted  to  discussion  of 
papers  presented,  in  person  by  the  writers  for  comments 
and  suggestions.  The  contributions  to  the  activities  of 
the  Institute  under  the  auspices  of  this  Committee 
were  as  follows: 

A  symposium  on  steam  turbine  design,  with  the 
following  papers: 

Present  Limits  of  Speed  and  Power  of  Single- 
Shaft  Curtis  Steam  Turbines,  by  Eskil  Berg. 
Present  Limits  of  Speed  and  Power  of  Single- 

Shaft  Steam  Turbines,  by  J.  F.  Johnson. 
Present  Limits  of  Speed  and  Output  of  Single- 
Shaft  Turbo  Generators,  by  F.  D.  Newbury. 
A  plea  for  standardization  in  statistical  records  of 
state  and  governmental  bodies  reporting  efficiencies 
of  power  plants,  with  the  presentation  of  the  following 
paper: 

Essential   Statistics  for    General    Comparison    of 
Steam  Power  Plant  Performance,  by  W.  S.  Gor- 
such. 
A  symposium  on  excitation,  with  the  papers  to  be 
presented  at  the  Annual  Convention  as  follows: 

Considerations  which  Determine  the  Selection  and 
General  Design  of  an  Exciter  System,  by  J.  T. 
Barron  and  A.  E.  Bauhan. 
Factors  in  Excitation  Systems  of  Large  Central 
Station  Steam  Plants,  by  A.  A.  Meyer  and 
J.  W.  Parker. 
Exciters  and  Systems  of  Excitation,   by   H.   R. 

Summerhayes. 
Application  of  D-C.  Generators  to  Exciter  Service, 
by  C.  A.  Boddie  and  F.  L.  Moon. 
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Exciter  Practise  in  the  Northwest,  by  J.  D.  Ross. 

Generator  Excitation  Practise  in  the  Hydroelectric 
Plants  of  the  Southern  California  Edison  Com- 
pany, by  H.  H.  Cox  and  H.  Michener. 

The  committee  also  considered  the  question  of 
making  suggestions  for  the  activities  of  the  incoming 
committee  for  the  ensuing  year,  and  recommended 
for  consideration  the  following: 

Safe  Maximum  Limit  of  Operating  Capacity  for 
Each  Section  of  Bus. 

Reactive  Component  Dispatching. 

Auxiliaries  in  Steam  and  Hydroelectric  Plants. 

Fighting  Generator  Fires. 

Trend  of  Modem  Power  Station  Design. 

Philip  Torchio,  Chairrmn. 
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ANNUAL  REPORT  OF  THE  ELECTROPHYSICS 

COMMITTEE 

To  the  Board  of  Directors^ 

THE  Electrophysics  Committee  desires  to  receive 
suggestions  for  future  work.  It  seems  well, 
therefore,  for  this  purpose  to  re-state  from  the  report 
of  last  year  the  policy  that  this  Committee  has  en- 
deavored to  carry  out.    It  is  as  follows: 

1.  To  encourage  original  papers  of  high  technical 
standard,  marking  advances  in  electrophysics. 

2.  To  have  each  year  a  broad,  interesting,  general 
lecture,  free  from  mathematics,  dealing  with  modem 
physics. 

3.  To  promote  a  more  complete  cooperation  and 
mutual  understanding  between  the  engineer  and  the 
physicist. 

It  is  our  object  to  keep  open  the  "line  of  communica- 
tion" between  the  pure  physicist  and  the  strictly 
applied  physicist  or  engineer. 

A  joint  meeting  was  held  with  the  American  Physi- 
cal Society  in  Philadelphia,  October  10-llth.  The 
Physical  Society  session  gave  a  notable  discussion  on 
the  present  status  of  theories  of  atomic  structure.  A 
review  of  this  subject  designed  for  engineers  has  been 
printed  in  the  Journal.  The  A.  I.  E.  E.  papers 
showed  how  these  theories  had  been  practically  applied 
in  the  study  of  crystal  structure  and  in  the  solution  of 
vacuum  tube  problems.  Other  papers  covered  a 
variety  of  subjects  marking  advances  in  electrophysics. 

Talks  were  given  in  an  evening  session  by  past 
presidents  of  the  two  Societies.  It  was  the  object  of 
these  talks  to  promote  cooperation.  The  titles  are 
significant — "The  Indispensability  to  Each  Other  of 
Pure  and  Applied  Science"  by  H.  A.  Bumstead; 
"Pui'e  Science  and  Industrial  Research"  by  J.  J.  Carty, 

Additional  technical  papers  have  been  given  at 
other  sessions. 

F.  W.  Peek,  Jr.,  ClittXT'mo.u^ 
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ANNUAL   REPORT  OF  THE  TRACTION   AND 
TRANSPORTATION  COMMITTEE 

To  the  Board  of  Directors^ 

TWO  meetings  were  held  under  the  auspices  of  the 
Traction  and  Transportation  Committee;  one 
at  the  mid-winter  convention  in  New  York  in  February, 
and  the  other  at  a  regular  meeting  of  the  Institute  in 
Pittsburg,  March,  1920. 

At  the  New  York  meeting  there  was  presented  and 
discussed  a  symposium  paper  entitled :  "The  Economic 
Supply  of  Power  for  the  North  East  Atlantic  Seaboard." 
This  paper  made  reference  to  an  item  before  Congress 
calling  for  a  survey  of  the  situation  between  Boston 
and  Washington  looking  toward  the  establishment  of 
a  national  policy  in  the  matter  of  the  generation  and 
distribution  of  power  through  the  means  of  which 
large  economies  could  be  effected  as  applying  to  labor, 
fuel  and  other  materials. 

The  meeting  passed  a  unanimous  vote  recommend- 
ing that  the  Board  of  Directors  of  the  Institute  appoint 
a  special  committee  to  be  known  as  the  "Committee 
on  Super  Power  System."  This  committee  has  since 
been  appointed. 

Since  the  above  meeting,  Congress  has  approved  the 
proposed  survey  and  appropriated  $125,000  for  the 
purpose. 

The  Pittsburg  meeting  included  the  presentation 
and  discussion  of  papers  relating  to  the  design  of  the 
Minneapolis  and  St.  Paul  Electric  locomotives  by  the 
General  Electric  Co.  and  by  the  Westinghouse  Electric 
and  Mfg.  Co.;  also  papers  concerning  automatic 
substations  and  protection  to  substations. 

Both  of  these  meetings  were  largely  attended  and 
much  valuable  information  and  data  were  presented, 
all  of  which  has  appeared  or  will  appear  in  the  Trans- 
actions. 
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There  seems  to  be  no  disagreement  on  the  part  of 
any  members  of  the  committee  in  the  conclusion 
(1)  that  super  power  systems  stand  as  future  guarantors 
for  economical  generation  and  distribution  of  power 
and  (2)  that  the  electric  locomotive  has  demon- 
strated its  ability  as  applying  to  passenger,  freight 
or  switching  movement,  to  outclass  the  steam  loco- 
motive in  capacity  and  control. 

Wm.  S.  Murray,  Chairman. 


PresenUd  at  the  36<A  Annual  Convention 
of  the  A  merican  Institute  of  Electrical  Engi- 
neers, White  Sulphur  Springs,  W.  Va., 
June  29-July  2,  1920. 

Copyright  1920.     By  A.  I.  E.  E. 


CLASSIFICATION  OF  LARGE  TURBO 
GENERATOR  FAILURES 


BY  PHIUP  TORCHIO 

Chief  Electrical  Engineer,  New  York  Edison  Co. 


THE  experience  with  this  class  of  electrical  appara- 
tus is  in  a  measure  less  satisfactory  than  could 
be  desired.  The  design  difficulties  are  un- 
doubtedly greater  than  encountered  in  the  design  of 
low-speed  generators  as  used  in  hydroelectric  plants, 
but  the  exacting  service  requirements  of  large  steam 
power  undertakings  demand  the  maximum  of  reli- 
ability from  its  generators.  To  meet  these  require- 
ments, designing  engineers  must  ultimately  produce 
apparatus  more  dependable.  At  the  same  time  users 
must  install  and  operate  their  generators  under  con- 
ditions that  will  be  most  favorable  to  their  mainten- 
ance. 

For  the  only  object  of  reviewing  past  failures  to  aid 
us  to  avoid  repetitions  in  the  future,  I  have  accepted 
the  invitation  of  the  Machinery  Committee  to  give  a 
summary  of  typical  generator  failures  of  which  I  have 
a  record  or  report  from  different  installations  in  this 
country. 

The  size  of  generators  investigated  ranged  from 
5000  kw.  to  30,000  kw.,  the  larger  units  being  of  more 
recent  manufacture,  while  the  smaller  date  back  from 
twelve  to  sixteen  years. 

The  total  failures,  several  occurring  on  the  same  unit, 
amounted  to  fifty-five,  of  which  thirty-three  occurred 
in  armatures,  sixteen  in  fields,  four  in  armatures  and 
fields,  and  two  in  terminals. 

The  classification  of  all  these  generator  troubles  is 
as  follows: 
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Armature  failures  due  to: 

Mechanical  damages 3 

Heating  of  windings 17 

Heating  of  iron 2 

Loose  laminations 1 

Moisture  in  cooling  air 3 

Corona  shield  breaking 2 

Heating  at  end  turn  clamping 1 

Overload  damaging  end  turns 2 

Causes  undiscovered 2    33 

Field  failures  due  to: 

Open-circuited  connections 3 

Grounding 7 

Grounding  caused  by  bus  short-circuit 4 

Loosening  of  damper  windings 2     16 

Armature  and  field  failures  due  to: 

Moisture 1 

Undiscovered 3      4 

Terminal  failures  due  to: 

Moisture 2      2 

From  the  above  analysis,  it  appears  tliat  at  least 
50  percent  of  armature  failures  are  due  to  heating, 
damaging  the  insulation.  To  avoid  similar  troubles, 
designing  engineers  should  use  insulating  materials 
of  proved  dependability,  maintain  low  copper  temper- 
atures by  proper  subdivision  of  copper  and  transpo- 
sition of  strands  in  windings  and  provide  liberal  ven- 
tilation throughout  the  machine.  The  operating 
copper  temperatures  should  be  limited  at  or  closely 
to  100  deg.  cent.  Too  great  range  of  operating  tem- 
peratures is  bound  to  cause  generator  failures. 

It  may  be  appropriate  here  to  emphasize  a  broad 
general  principle  to  which  perhaps  we  have  not  given 
full  consideration  in  the  past,  and  that  is  that  insulated 
electrical  apparatus  subjected  to  too  wide  operating 
temperature  ranges  may  be  seriously  impaired  by 
mechanical  bulging  and  damages  to  the  insidation  and 
the  incasing  structure,  without  inherent  deterioration 
of  the  insulation  itself.  We  found  that  the  insulation, 
while  excellent  to  withstand  the  maximum  tempera- 
tures, was  mechanically  damaged  by  the  expansion 
and  contraction  of  the  copper  which  it  surrounded. 
For  instance,  mica  insulation  installed  in  hydroelectric 
generator  armatures,  which  have  only  a  small  fraction 
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of  length  of  a  turbo  generator  armature  and  are 
operated  at  a  practically  steady  continuous  load,  last 
indefinitely  at  high  temperatures,  while  mica  insulation, 
under  same  or  lower  temperature  conditions,  in  steam 
turbo  generators  operated  at  partial  loads  for  several 
hours,  then  loaded  to  a  maximum  and  later  shut  down 
every  twenty-four  hours,  will  fail. 

To  weed  out  cracks  or  latent  defects  due  to  defective 
workmanship  at  factory  or  in  installation,  the  test 
voltage  for  windings  should  be  raised  to  three  times 
full  voltage  plus  1000. 

The  large  number  of  field  failures  on  generators  of 
older  design  using  fibrous  insulation  were  practically 
eliminated  in  more  recent  designs  by  the  use  of  mica 
and  asbestos  tape  insulation. 

Experience  seems  to  indicate  that  a  solid  forged 
field  has  greater  resistance  to  field  stresses  under  bus 
short  circuits  than  laminated  field  structures  or  even 
structures  made  up  of  end  plates  and  several  central 
plates  a  few  inches  in  thickness. 

The  loosening  of  damper  windings  seems  to  have 
been  satisfactorily  overcome,  from  the  experience  of 
the  last  few  years. 

From  the  standpoint  of  the  users,  it  appears  im- 
portant that  great  care  be  exercised  in  the  supply  of 
cooling  air  to  prevent  moisture  or  condensation  de- 
positing on  the  windings. 
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Discussion  on  "Classification  of  Large  Steam 
Turbo  Generator  Failures"  (Torchio),  White 
Sulphur,  W.  Va.,  June  30, 1920. 

W.  J.  Foster:  Mr.  Torchio  speaks  of  limiting  the 
temperature  in  the  copper  to  100  deg.  cent.  That  is 
an  extremely  difficult  thing  to  obtain.  At  the  present 
time  it  is  regarded  by  most  designers  as  impossible, 
with  the  specifications  as  made  out,  calling  for  cer- 
tain outputs  at  certain  power  factors. 

I  simply  wish  to  point  out  that  there  is  hardly 
a  user  of  turbo  generators  who  cannot  radically  im- 

Erove  his  temperatures  by  operating  his  machines  at 
etter  power  factor.  I  am  not  going  to  argue  as  to 
whether  that  is  practicable  or  not,  but  I  wish  to 
point  out  the  desirability  of  it. 

Most  60-cycle,  large  turbo  generators  are  1800 
revolutions  and  80  power  factor  and  will  operate  at 
temperature  rises  of  only  about  one-half,  somewhere 
between  50  an<i  60  per  cent  of  the  present  temperature 
rises  in  the  rotors,  if  operated  at  unity  power  factor 
with  the  same  energy  output.  That  is  extremely 
desirable  when  we  consider  the  length  of  life.  I 
think  that  statement  is  a  safe  one  to  make — ^regardless 
of  construction — even  with  the  very  best  possible 
construction — longer  life  may  be  expected  at  such 
low  temperatures  as  Mr.  Torchio  recommends. 

There  is  one  point  in  the  paper  in  which  I  would 
like  to  take  issue  with  Mr.  Torchio — or  rather  I 
would  insist  upon  a  limitation — and  that  is,  where 
he  asks  for  an  insulation  test  of  three  times  normal 
plus  1000  volts.  That  is  very  well  and  practicable 
for  generators  of  6600  volts  and  thereabouts,  since  it 
is  evident  that  all  you  need  to  do  is  to  take  your 
11,000  or  13,200-volt  design  and  wind  it  for  6600 
volts.  That  is  entirely  practicable  in  those  cases, 
but  when  it  comes  to  the  higher  voltage  machines,  it 
is  a  very  serious  matter,  and  I  regard  it  as  practically 
impossible  at  the  present  time  in  the  larger  turbo 
generators. 

In  that  connection,  I  will  take  advantage  of  the 
situation  here  and  refer  Mr.  Torchio  and  other  in- 
terested members  to  the  little  table  on  page  961  of 
my  paper  for  this  session,  and  ask  them  to  compare 
columns  2  and  4,  in  which  I  regard  the  design  repre- 
sented in  column  2  as  having  about  as  large  a  slot  as 
should  be  incorporated  in  a  machine,  due  to  magnetic 
limitations  and  eddy  current  limitations.  If  you  use 
that  slot,  and  put  in  a  coil  with  an  insulation  for  three 
times  normal,  plus  1000  volts,  you  get  the  temperature 
rise  shown  in  column  4  as  compared  with  column  2. 
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F.  D.  Newbury:  Mr.  Torchio  presents  a  list  of 
turbo-generator  failures  from  which  it  would  appear 
that  armature  winding  heating  is  the  major  cause  of 
failure. 

My  data  and  experience  do  not  show  that  armature 
heating  is  the  chief  cause  of  failure,  although  it  should 
not,  by  any  means,  be  overlooked.  This  history  of 
Westinghouse  turbo  generators  impresses  one  with  the 
importance  of  operating  hazards  such  as  fires  of 
external  origin,  abnormal  voltage  surges,  and  water 
carried  into  the  generator. 

The  investigation  I  have  made  covers  every  West- 
inghouse turbo  generator  from  15,000  kv-a.  rating 
upwards,  that  has  been  placed  in  operation  up  to 
January,  1920.  It  happens  that  these  generators, 
without  exception  are  mica  insulated,  with  mica 
insulation  between  strands  and  between  conductors 
as  well  as  between  coil  and  core.  This  should  be 
remembered  in  considering  the  record  of  these  genera- 
tors in  regard  to  failures  caused  by  armature  heating. 

The  first  Westinghouse  generators  larger  than  10,000 
kv-a.  were  placed  in  operation  in  1913.  These  were 
generators  roughly  20,000  kv-a.  in  size,  two  pole  in 
the  case  of  25  cycles  and  four  pole  in  the  case  of  60 
cycles.  The  design  of  such  large  two  and  four  pole 
units  in  1911  and  1912  was  highly  experimental  and 
while  these  units  met  the  standard  temperature  rise 
of  50  deg.  by  thermometer,  we  have  since  found  that 
the  true  copper  temperature  of  the  strands  nearest 
the  air  gap  gave  at  least  200  deg.  rise  in  some  cases. 
Experience  has  shown  how  to  avoid  these  high  local 
temperatures  mainly  by  reduction  in  eddy  current 
losses. 

I  also  wish  to  draw  your  attention  to  the  inclusive 
and  representative  nature  of  the  record  in  connection 
with  heating  troubles.  It  covers  all  generators  of 
large  size  of  a  given  type  and  it  is  safe  to  draw  general 
conclusions,  bearing  in  mind  the  type  and  detailed 
design  of  the  armature  insulation  involved. 

During  these  seven  years'  experience  there  have 
been  22  cases  of  major  armature  trouble,  involving 
12  different  installations  or  designs  and  16  individual 
units.  By  major  armature  trouble  is  meant  trouble 
serious  enough  to  result  in  the  failure  of  one  or  more 
armature  coils. 

The  classification  of  armature  failures  as  to  cause 
is  in  some  cases  a  difficult  matter.  The  events  leading 
up  to  the  trouble  may  be  unknown  and  the  evidence 
is  very  often  burnt  up.  It  has  been  thought  best, 
therefore,  to  separate  these  cases  into  three  classes 
as  follows: 
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1.  Where  the  manufacturer  has  accepted  re- 
sponsibility. 

2.  Where  the  operating  company  has  accepted 
responsibility. 

3.  Where  the  cause  is  unknown  or  in   dispute. 

1.  Eight  cases  were  chargeable  to  design,  work- 
manship or  other  cause  for  which  the  manufacturer 
accepted  responsibility. 

(a)  Five  cases  (of  these  eight)  were  caused  by 
defects  in  manufacture  that  developed  very  shortly 
after  installation. 

(b)  Three  cases  (of  these  eight)  concerned  details 
of  design  that  led  to  failure  after  four  or  five  years 
operation.  Two  of  these  cases  (in  one  design)  in- 
volved high  local  temperatures  caused  by  eddy  cur- 
rents in  the  top  strands  of  the   coil. 

2.  Eleven  cases  were  chargeable  to  operating 
hazards  for  which  the  operating  company  accepted  the 
responsibility. 

(a)  Four  cases  (of  these  11)  were  caused  by  fires 
originating  outside  of  the  armature  winding.  In 
three  of  these  cases  the  fire  started  in  the  cables  just 
outside  of  the  generator;  in  the  fourth  case  the  lire 
started  in  a  series  transformer  accidentally  open- 
circuited. 

(b)  Four  cases  (of  these  11)  occurred  in  one  installa- 
tion and  were  caused  by  abnormal  voltage  surges  that 
caused  the  outside  surfaces  of  the  insulation  to  catch 
fire.  In  addition  to  these  four  cases  that  resulted  in 
coil  failures  as  many  more  fires  started  that  were  put 
out  before  such  damage  was  done.  This  trouble 
disappeared  after  the  generator  neutral  was  grounded. 

(c)  One  case  (of  these  11)  was  caused  by  ice  or 
water  (it  occxirred  on  Feb.  28)  carried  into  the  genera- 
tor from  the  air  washer. 

(d)  Two  cases  (of  these  11)  were  caused  by  enforced 
operation  under  conditions  that  were  known  to  be 
unsafe.  One  case  involved  unsafe  overloads  and  the 
other  case  involved  continued  operation  after  it  was 
known  the  armature  needed  minor  repairs. 

3.  Three  cases  involved  unknown  causes  or  the 
cause  was  in  dispute. 

In  two  of  these  cases  the  operating  company  believed 
armature  coil  heating  to  be  responsible. 

This  classification  of  armature  breakdowns  shows 
that  out  of  19  cases,  where  causes  were  agreed  to, 
11  cases  were  caused  by  operating  hazards  for  which 
the  generator  can  in  no  way  be  held  accountable. 
The  majority  of  these  cases  were  caused  by  fires  of 
external  origin. 
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If  all  the  cases  in  which  armature  heating  was  in- 
volved (even  by  suspicion)  are  grouped,  there  are 
only  five  cases  out  of  22  breakdowns.  Two  cases 
(involving  one  of  the  first  designs)  were  caused  by 
design  proportions;  in  two  others  temperature  was 
not  the  primary  cause  of  breakdown,  but  the  operat- 
ing companies  believed  it  to  be  a  contributory  cause; 
and  in  the  fifth  case  enforced  overloading  was  the 
primary  cause. 

R.  B.  Williamson:  I  would  like  to  endorse  Mr. 
Foster's  remarks  about  the  effect  of  power  factor  on 
turbo  generators.  The  rotor  of  a  turbo  generator 
is  relatively  small,  and  the  surface  available  for  getting 
rid  of  heat  is  also  small.  With  inductive  load,  the 
lagging  current  that  the  machine  is  compelled  to 
furnish  calls  for  increased  exciting  current  in  the  rotor 
and  very  materially  increases  the  heating.  Thus 
the  output  which  can  be  obtained  from  the  machines 
at  unity  power  factor,  with  a  given  rotor  heating,  is 
much  greater  than  it  would  be,  at,  say,  80  power 
factor. 

The  question  of  voltage  test  of  three-times  normal 
plus  1000,  as  Mr.  Foster  pointed  out,  would  entail 
no  hardship  with  machines  for  6600  volts,  or  possibly 
8000  or  9000  volts,  but  with  generators  for  11,000 
or  13,200  volts,  it  is  a  difficult  matter  to  design  machines 
for  such  high-voltage  test.  As  Mr.  Foster  pointed 
out  in  his  paper,  a  machine  insulated  for  such  test 
would  involve  thicker  insulation  and  much  higher 
internal  temperatures.  The  latter  might  lead  to 
trouble  due  to  creepage  of  the  coils  or  some  effect  of 
that  kind,  even  if  the  higher  temperature  were  not 
sufficient  to  damage  the  insulation. 

W.  F.  Dawson :  I  do  not  want  you  to  get  the  idea 
that  it  is  only  the  mica  insulation  that  will  stand  the 
gaff.  I  have  been  responsible  for  something  like 
2000  turbo  alternators,  and  probably  90  per  cent 
were  not  insulated  with  mica  in  the  armature  winding, 
and  I  can  say  very  truthfully  that  there  have  been 
practically  no  failures  in  those  generators  from  any 
causes  of  workmanship,  material  or  manufacture.  In 
the  beginning  we  had  some  trouble  due  to  the  fact 
that  the  sharp  comers  of  the  armature  slots  bore 
against  the  insulation,  but  with  the  eased  off  slots, 
used  by  most  of  the  American  manufacturers,  and  the 
insulation  properly  applied  to  the  coils,  we  have  had 
almost  unbroken  success. 

The  great  difficulty  that  was  noted  in  Europe  some 
ten  or  fifteen  years  ago,  and  particularly  pointed  out 
by  Mr.  Highfield  was  due  in  a  large  measure,  as 
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Mr.  Newbury  has  just  mentioned,  to  the  so-called 
pulled  in  windings.  I  believe  even  today  some 
manufacturers  in  Europe  adopt  that  method,  and  it 
is  very  handy  from  the  manufacturing  standpoint, 
but  it  is  just  about  as  futile  in  respect  to  keeping  up 
insulation  as  anything  can  be.  These  windings  were 
filled  with  air  voids,  and  the  potential  gradient  was 
steepest  on  the  untreated  cotton  of  the  individual 
wires,  and  failure  was  bound  to  result,  but  with  our 
American  practise,  we  are  in  a  very  much  better 
position.  Of  course,  these  machines  I  mentioned,  are 
not  high-voltage  machines.  We  have  adopted  .mica 
insulation  wherever  the  voltage  exceeds  4000,  but 
I  have  put  out  enormous  quantities  of  machines  for 
industrial  work  at  voltages  of  4000  and  under,  with 
all  treated  fabric  insulation,  and  I  should  say  thao  the 
success  has  been,  at  least,  99  per  cent. 

Robert  Treat:  At  the  bottom  of  page  904  Mr. 
Torch io  makes  this  statement: 

"For  instance,  mica  insulation  installed  in  hydro- 
electric generator  armatures,  which  have  only  a  small 
fraction  of  length  of  a  turbo-generator  armature  and 
are  operated  at  a  practically  steady  continuous  load 
last  indefinitely  at  high  temperatures " 

I  would  like  to  inquire  whether  Mr.  Torch  io  has  in 
mind  any  definite  limiting  temperature  which  in  his 
mind  constitutes  a  "high  temperature"  as  here  used. 

The  writers  opinion,  based  on  a  careful  study  of 
operating  experience  and  based  on  a  detailed  knowl- 
edge of  internal  temperatures  and  coil  and  insulation 
design,  is  that  breakdowns  caused  by  armature  heating 
are  in  reality  due  to  abnormal  local  temperatures  that 
have  values  of  the  order  of  several  hundred  degrees; 
and  that  temperatures  of  100  deg.  or  150  deg.  ordinarily 
discussed  in  connection  with  guarantees  have  very 
little  to  do  with  the  problem.  This  statement  of 
coiu-se,  applies  only  to  windings  completely  insulated 
with  mica  within  the  slots. 

This  record  of  breakdowns  brings  to  the  surface 
another  fact  that  is  reassuring  to  the  companies 
operating  high-voltage  units.  If  these  generators 
be  classified  according  to  voltage  it  is  found  there 
are  twice  as  many  generators  wound  for  11,000  volts, 
or  higher  voltage,  as  there  are  generators  wound  for 
lower  voltages.  But  these  22  cases  of  armature 
breakdown  are  equally  divided  between  these  two 
voltage  classes.  This  means  that  the  percentage  of 
armature  breakdowns  in  the  high-voltage  generators 
under  discussion  is  only  one-half  that  of  the  lower 
voltage    generators.    This    record    would    be    very 
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different  with  treated  cloth  insulation  (in  large  high- 
voltage  generators)  that  is  subject  to  cumulative 
heating  on  account  of  increasing  dielectric  losses  with 
temperature ;  and  with  partially  closed  armature  slots, 
still  used  by  some  European  designers. 

This  j^cord  does  not  prove  that  high-voltage  genera- 
tors are  necessarily  safe  or  less  subject  to  breakdown 
except  in  so  far  as  breakdowns  may  be  caused  by  volt- 
age surges  that  are  independent  of  generator  voltage. 
Obviously  a  10,000-volt  surge  would  be  dangerous  in 
a  2400-volt  generator  but  would  be  harmless  in  a 
13,000-volt  winding.  The  record  does  prove  that 
11,000  and  13,000-volt  windings  are  just  as  reliable  as 
low-voltage  windings  and,  further,  that  breakdowns 
are  generally  caused  by  trouble  unrelated  to  line 
voltage. 

The  facts  brought  out  by  this  record  may  be  summar- 
ized as  follows: 

1.  The  majority  of  armature  breakdowns  is  caused 
by  operating  hazards  originating  outside  the  generator. 

2.  Armature  heating  in  armatures  completely 
insulated  with  mica  is  a  minor  cause  of  breakdown. 

3.  Large  high-voltage  generators,  with  mica  in- 
sulation and  open  armature  slots,  are  as  reliable  and 
probably  are  more  reliable  than  large  low-voltage 
generators. 

James  Lyman:  We  appreciate  the  almost  in- 
surmountable difficulties  in  obtaining  all  that  we  would 
like  in  the  matter  of  insulation  tests,  and  in  the  matter 
of  temperatures,  but  what  were  apparently  insur- 
mountable difficulties  five  or  ten  years  ago,  the  de- 
signing engineers  of  our  large  manufacturing  companies 
have  overcome,  and  it  is  to  be  hoped  that  they  may, 
in  the  line  of  evolution,  gradually  work  toward  the 
limits  that  Mr.  Torchio  has  given. 

Mr.  Newbury  has  stated  that  one-half  as  many 
burnouts  occurred  in  the  case  of  large  generators 
wound  for  11,000  volts  and  above,  as  have  occurred 
in  the  same  number  of  similar  generators  wound  for 
lower  voltages.  Cannot  we,  therefore,  assume  that 
the  insulation  was  quite  equal  to  the  service,  but 
that  the  weakness  in  these  machines  was  the  high 
temperatures  they  attained? 

Undoubtedly,  mica  insulation,  when  not  subjected 
to  any  mechanical  strain,  is  quite  equal  to  the  ex- 
treme temperatures  that  have  been  mentioned,  but 
in  turbo  generators,  especially  in  the  very  large  units, 
the  windings  are  subject  to  great  mechanical  strains, 
and  I  suspect  that  where  very  high  temperatures  are 
allowed,  the  bmn-oute  f^^  due  mgre  to  expansion 
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and  contraction,  the  movement  of  the  mica  insula- 
tion, which  mechanically  is  not  very  strong,  than  to 
the  insulating  qualities  of  the  mica. 

Philip  Torchio:  Practically  all  the  limitations 
which  have  been  pointed  out  hinge  on  temperature 
limits  and  voltage  tests,  both  of  which  are  closely 
interrelated.  In  fact,  Mr.  Foster  has  no  hesitation 
in  applying  the  three-times  normal  voltage  test  if  the 
machine,  instead  of  being  rated  100  per  cent,  is  rated 
at  only  75  per  cent,  because  then  he  can  put  on  the 
thicker  insulation  to  stand  the  higher  voltage  test  and 
still  dissipate  the  heat  and  maintain  a  low  tempera- 
ture. 

That  prompts  me  to  comment  that  the  users  are 
not  requesting  the  large  ratings  and  the  last  drop  of 
capacity  from  the  machines — they  want  safety  and 
continuity  of  service.  I  do  not  propose  to  stand  be- 
fore you  and  say  I  would  want  to  retard  progress. 
We  must  make  progress,  and  we  share  with  the  de- 
signers and  the  manufacturers  the  responsibilities  and 
the  burden  of  any  experiment,  but  we  must  emphasize 
one  point;  that  these  large  units  are  of  such  vital 
importance  that  the  question  of  getting  out  the  last 
10  per  cent  or  15  per  cent  of  capacity  is  of  no  import- 
ance whatsoever  to  the  users  in  general,  and  by  users 
in  general  I  do  not  mean  the  operating  companies 
alone,  but  I  mean  the  customers  who  use  the  power. 
They  want  continuity  of  service  and  reliability,  and 
in  the  end  the  apparatus  with  the  longest  life,  the  most 
reliable  apparatus,  is  the  apparatus  which  will  give 
the  cheapest  service. 

Along  the  same  line  of  reasoning  is  my  reply  to 
Mr.  Foster's  reference  to  power  factor.  The  operat- 
ing companies  are  making  a  strenuous  effort  to  im- 
prove power  factor,  and  I  want  to  take  this  opportun- 
ity of  saying  that  it  is  not  for  sentimental  or  selfish 
reasons  that  we  do  try  to  get  the  power  factor  improved, 
but  it  is  really  because  the  low  power  factor  is  an  ob- 
stacle to  the  progress  of  power  generation,  as  Mr. 
Foster  has  forcibly  demonstrated. 

In  answer  to  Mr.  Treat's  question  as  to  what  I 
mean  by  high  temperature,  I  would  state  that  as  far  as 
it  refers  to  pure  mica  insulation,*  not  mica  built  up 
with  a  binder,  I  mean  temperatures  of,  say,  185  deg. 
cent.,  as  prevailing  on  the  2200-volt  generators  at 
Niagara,  which  have  been  in  satisfactory  service  for 
over  20  years.  I  had  in  mind  such  temperature  as  far 
as  the  limitation  of  pure  mica  itself  to  stand  the  volt- 
age goes,  provided  it  is  not  disturbed  by  local  stresses, 
by  periodic  and  frequent  expansion  and^ contraction, 
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and  by  vibration  and  pounding  due  to  the  periodic 
beating  of  the  strands  in  the  windingjs  of  the  coils.  In 
the  latter  case  and  with  built  up  mica,  I  would  limit 
the  temperature  to  about  100  deg.  cent,  to  preserve 
the  integrity  of  the  binding  material. 

I  would  like  to  make  some  qualifying  comments 
on  Mr.  Newbury's  very  interesting  presentation,  as  my 
analysis  of  troubles  also  covers  many  of  Mr.  New- 
bury's troubles,  but  to  enter  into  these  details  it  would 
take  up  too  much  time.  The  important  point  is  that 
the  art  is  advanced  by  the  lessons  of  past  errors. 
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VENTILATION  AND  TEMPERATURE  IN 
LARGE  TURBO  GENERATORS 


BY  B.  G.  LAMME 

Chief  Engineer.  Westinghouse  Blec.  &  Mfg.  Co. 


IN  the  turbo  alternator,  the  problems  of  air  circula- 
tion, or  ventilation,  and  of  insulation  have  been 
carried  further  than  in  any  other  type  of  large 
apparatus.  There  are  fundamental  reasons  for  this. 
In  the  first  place  it  may  be  said  that  there  are  four 
effective  materials  concerned  in  the  turbo-generator 
operation,  namely  the  iron  for  magnetic  purposes,  the 
copper  in  the  windings,  the  insulation  encasing  the 
winding,  and  the  ventilating  air.  The  iron  ahd  copper 
have  long  been  carried  up  to  their  practical  limits,  so 
that  the  major  part  of  recent  developments  has  been 
in  the  insulation  and  in  the  ventilation.  In  the  second 
place  the  physical  limitations  of  the  materials  having 
been  reached,  in  many  ways,  it  is  no  longer  possible  to 
increase  the  physical  dimensions,  as  has  been  the  case 
in  lower  speed  machines. 

As  present  insulations  have  been  known  and  utilized 
fairly  well  up  to  their  limits,  for  some  years,  it  follows 
that  the  more  recent  growth  has  been  largely  along 
lines  of  improved  methods  of  heat  dissipation,  which, 
in  the  final  consideration,  is  largely  the  problem  of  air 
circulation. 

Therefore,  beginning  with  the  problem  of  ventila- 
tion in  general,  it  may  be  said  that,  broadly,  there  is 
but  one  method  in  use  today,  namely  forcing  a  large 
quantity  of  air  through  the  machine,  at  a  high  velocity 
due  to  unavoidable  restriction  of  the  air  paths.  The 
air-forcing  means  in  all  cases  consists  of  powerful  fans 
or  blowers  driven  either  by  separate  motors,  or  by  the 
rotor  shaft  of  the  turbo  alternator  itself.    There  are 
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advantages  in  favor  of  either  arrangement,  but  these 
do  not  concern  the  problem  broadly.  The  real  prob- 
lem is  to  force,  through  effective  cooling  channels  or 
t)aths,  sufficient  air  to  take  up  the  generator  heat, 
without  unsafe  temperature  limits  being  reached.  It 
is  the  design  of  these  cooling  channels  or  paths  that 
much  of  the  modem  turbo-alternator  engineering  has 
been  expended.  In  the  following  treatment  of  the 
general  problem,  these  various  methods  will  be  con- 
sidered. 

The  types  of  ventilating  channels  may  be  classified 
broadly  as  radial  and  axial.  Very  few  machines  use 
either  one  exclusively.  In  axial  ventilation  the  air 
travels  in  the  general  direction  of  the  shaft,  whereas  in 
the  radial  arrangement  the  movement  is  in  a  right 
angle  direction.  The  air-gap  ventilation  in  the  turbo 
generator  is  axial  in  most  cases,  while  the  internal  ven- 
tilation of  the  rotor  body  or  core  is  usually  the  axial 
and  radial  combined.  In  the  same  way  the  ventila- 
tion of  the  turbo  stator  core  is  usually  a  combination 
of  the  axial  and  the  radial;  for,  even  in  the  so-called 
radial  types,  the  cooling  air  through  the  gap  passes 
axially  over  the  armature  bore,  before  passing  out 
radially.  In  the  same  way,  in  the  so-called  axial  types 
the  air  through  the  axial  core  channels  passes  radially 
out  at  the  core  center. 

In  addition  to  the  purely  axial  and  radial  arrange- 
ments, may  be  mentioned  a  third  one,  namely,  circum- 
ferential ventilation,  or  air  circulation  around  the  ma- 
chine circumferentially.  This  has  been  used  to  a  cer- 
tain extent  in  certain  European  types  of  machines, 
and  in  combination  with  axial  and  radial  arrange- 
ments, it  appears  in  certain  American  types.  In 
fact,  in  the  axial  air  gap  ventilation,  the  circum- 
ferential action  also  occurs  naturally,  due  to  the  speed 
of  the  rotor,  the  air  traveling  in  a  spiral  path  from 
the  ends  toward  the  center  of  the  machine. 

Radial  Ventilation 

In  the  usual  radial  ventilation  in  the  modem  high- 
speed turbo  alternator,  the  air  enters  the  air-gap  at 
each  side,  or  end,  of  the  core,  and  as  it  travels  toward 
the  center  part,  it  is  deflected  outward  at  intervals, 
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through  the  numerous  radial  ducts.  In  most  cases  the 
entire  cooling  air  enters  the  gap  at  the  two  ends,  and, 
therefore,  its  highest  velocity  is  at  the  entrance. 

As  part  of  the  air  breaks  away  to  pass  out  the  first  of 
the  radial  ducts,  the  volume  of  air  in  the  gap  decreases, 
thus  successively  lessening  the  pressure  required  to 
overcome  the  gap  resistance.  There  is  thus  fairly  high 
pressure  at  a  in  Fig.  1,  due  to  the  great  restriction  of 
the  air  path  section  at  this  point,  and  this  tends  to 
shunt  part  of  the  air  out  through  the  radial  ducts  over  a. 

At  the  center  of  the  machine,  due  to  the  velocity  of 
the  ingoing  air,  there  is  "banking  up"  of  the  air,  with 
corresponding  pressure  tending  to  drive  it  out  radi- 
ally. Here  the  velocity  is  thus  converted  into  static 
pressure.    Obviously,  therefore,  the  air  flow  in  the 
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different  ducts  along  the  core,  being  due  to  different 
conditions  of  pressure,  may  be  quite  unequal.  The 
real  problem,  therefore,  is  to  obtain  equal,  or  proper, 
air  flow  through  the  various  ducts. 

An  extension  of  this  problem  is  found  where  the 
width  of  the  core  is  greater  than  the  permissible  air 
flow  can  cool.  Assume,  for  instance,  with  the  largest 
permissible  gap  the  design  will  allow,  and  the  largest 
allowable  diameter  of  rotor,  that  a  core  width  of  80  in. 
can  be  ventilated  by  air  from  the  two  ends.  Now 
what  can  be  done  with  a  core  width  of  100  in.  or  120  in., 
which  would  be  required  for  a  25  or  50  per  cent  larger 
output?  One  answer  would  be  that  it  is  impossible 
to  use  cores  of  such  width.  But  that  would  put  a  stop 
to  a  certain  trend  of  development  and,  therefore,  some 
solution  involving  an  important  modification  must  be 
adopted.  One  of  these  is  to  put  air  in,  radially,  at 
the  middle  part  of  the  stator  core,  and  to  allow  it  to 
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flow  azially  lotvard  the  ends,  in  the  air  gap,  and  then 
out  radially,  as  shown  in  Fig.  2.  Here  is  a  new  prob- 
lem, in  that  the  entering  air  must  be  forced  in  against 
the  rotation  of  the  rotor  core,  and  possibly  against  the 
velocity  effects  of  the  air  from  the  end  gaps.  In  con- 
sequence the  driving  pressure  may  have  to  be  con^der- 
ably  different  from  that  for  forcing  the  air  in  at  the  end 
gaps.  This  thus  further  compHcates  the  problem  of 
the  proper  distribution  of  the  air  in  the  various  ducts. 
Nevertheless  this  general  arrangement  has  been  used 
with  considerable  success. 

The  above  description  of  the  difiiculties  of  the  prob- 
lem has  been  given,  not  as  a  criticism  of  this  particular 
arrangement  or  method,  but  simply  to  illustrate  some 
of  the  very  real  difficulties  encountered  in  large  turbo- 
generator design.    More  or  less  serious  difficulties  are 
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found  with  all  known  methods,  judging  from  the  vari- 
able results  obtained  in  different  designs,  even  where 
the  method  itself  is  unchanged.  The  exact  calculation 
of  air  pressures,  and  air  flow  in  complex  channels  or 
passages,  especially  where  a  high-speed  rotating  ele- 
ment is  present,  is  beyond  the  capabilities  of  the  most 
experienced  calculator,  £ind,  therefore,  the  experimental 
factor  enters  to  a  certain  extent  in  all  new  designs. 
Good  approximations  can  be  made,  in  many  cases,  but 
no  good  designer  will  "fool  himself"  into  thinking  he 
can  calculate  the  ventilation  on  a  new  construction 
with  any  great  exactness.  Even  if  he  gets  the  right 
quantity  of  air  through  his  machine,  he  cannot  be  sure 
it  will  distribute  properly  through  the  many  parallel 
air  paths,  such  as  represented  by  the  radial  ducts,  in 
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the  radial  scheme,  or  the  many  axial  ducts  in  the  axial 
method. 

Axial  Ventilation 
As  stated  before,  axial  ventilation  is  usually  partly 
radial.  In  this  method,  as  usually  applied,  air  not 
only  passes  axially  along  the  air  gap  and  out  at  radial 
ducts  at  the  center  of  the  core,  but  axial  ducts,  or 
channels,  parallel  to  the  shaft  or  air  gap,  are  in  the 
stator  core,  back  of  the  armature  slots,  for  allowing 
Mr-flcw  in  parallel  with  the  gap.  The  intention  is  to 
force  sufficient  air  through  the  gap  to  cool  the  rotor, 
and  the  stator  tooth  tips,  while  air  through  the  stator 
ducts  will  further  cool  the  stator  teeth  and  armature 
core.     In  the  early  designs  one  large  central  duct  was 


used,  this  being  changed  later  to  two  or  three  narrow 
ones,  while  in  the  latest  types,  there  may  be  a  dozen 
or  more  radial  ducts,  taking  up  a  considerable  portion 
of  the  central  zone  of  the  stator.  With  this  latter 
arrangement,  therefore,  the  central  part  might  be 
considered  as  radially  ventilated,  while  the  end  parts 
are  axially  ventilated.  The  real  merits  and  demerits 
of  this  later  construction,  compared  with  the  so-called 
radial  type  can  only  be  judged  properly  when  the  quan- 
titative conditions  of  the  problem  are  taken  into  ac- 
count. This  will  be  considered,  later  in  the  paper, 
under  the  treatment  of  losses,  heat  flow,  radiating  sur- 
faces, etc.  Without  knowing  these  quantitative  con- 
ditions it  is  impossible  for  any  one  to  say,  in  any  par- 
ticular case,  whether  any  one  method  or  arrangement 
is  materially  better  than  another. 
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A  variation  of  the  above  axial  scheme  consists  in 
supplying  air,  under  pressure,  to  the  central  radiating 
ducts  which  then  passes  through  the  stator  channels 
and  the  air  gap,  to  the  two  ends.  Or,  again,  the  venti- 
lating fan  may  operate  reversed  so  that  it  puUs  the  air 
through  from  the  central  ducts.  One  advantage  of 
the  latter  arrangement  is  that  the  friction  loss  due  to 
the  fan  heats  the  outgoing  instead  of  the  ingoing  air. 
This  method  will  be  referred  to  again  under  heating 
conditions. 

It  will  be  seen  that  with  the  axial  arrangement,  like 
the  radial,  the  problem  is  to  obtain  the  best  air  distri- 
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bution  with  a  large  number  of  parallel  paths  and  with 
different  resistances  of  the  various  paths.  One  ad- 
vantage of  the  axial  arrangement  is  that  part  of  the 
parallel  paths, — those  in  the  stator  core, — are  under 
possible  control  at  the  inlet. 

Circumferential  Ventilation 
This  method  should  be  considered,  as  it  has  been 
used  commercially,  to  a  considerable  extent.  In  prac- 
tise it  is  in  reality  a  combination  of  radial  and  circum- 
ferential methods.  As  usually  applied,  there  are  radial 
passages  through  the  stator  core,  but  divided,  circum- 
ferentially,  into  groups,  so  that  the  air  passes  inward 
to  the  air  gap,  in  certain  axial  zones,  and  then  circum- 
ferentially  around  the  gap  to  the  next  zone  where  it 
passes  out  radially,  as  shown  in  Fig.  4. 
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At  first  glance  this  looks  like  an  ideal  arrangement, 
but  a  little  study  will  show  that  it  also  has  its  difficul- 
ties, just  like  the  other  methods,  for  there  is  no  way  to 
insure  proper  division  of  the  air  among  all  the  paral- 
lel paths.  For  instance,  if  one  zone  covers  eight 
teeth,  then  due  to  crowding  of  the  air  in  the  gap,  due 
to  the  rotor  velocity,  the  pressures  might  be  balanced 
in  some  of  the  tooth  passages  so  that  there  is  prac- 
tically no  air  flow  in  those  particular  elements.  This 
would  mean  very  unequal  temperatures  in  the  tooth 
belt  as  a  whole,  and  so  the  problem  thus  narrows  down 
to  one  of  proper  air  distribution,  just  as  in  all  other 
arrangements. 

A  modification  of  the  above,  which  has  been  used, 
combines  radial  and  circumferential  methods,  as  shown 
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in  Fig.  5.  In  this  the  air  from  the  outer  core  surface 
is  simply  deflected  through  the  stator  core,  and  cools 
the  tooth  belt  mainly  by  conduction  through  a  rela- 
tively long  path.  The  stator  gap  surface  and  rotor 
must  be  cooled  by  the  usual  methods. 

In  addition  to  the  above  there  are  various  other  com- 
binations of  radial,  axial  and  circumferential  methods, 
each  of  which  possess  certain  merits,  but  a  description 
of  which  is  unnecessary  here. 

Heat  flow  from  the  Armature  Copper 

There  are  three  principal  sources  of  heat  in  such 
apparatus,  namely,  the  losses  in  the  copper  windings, 
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the  iron  losses,  and  the  friction  of  the  air  at  the  high 
velocities  used.  Considering  first  the  armature  wind- 
ings, all  the  heat  generated  must  flow  through  the  in- 
sulation, the  relative  rate  of  flow  at  any  part  being 
dependent  principally  upon  the  temperature  differ- 
ences. In  addition  to  the  transverse  heat  flow,  through 
the  insulation,  there  will  be  flow  along  the  copper  it- 
self from  hotter  parts  toward  cooler  places,  if  such 
exist,  which  is  almost  always  the  case.  In  the  end 
windings,  for  instance,  the  heat  can  flow  directly  from 
the  copper,  through  the  insulation,  to  the  cooling  air. 
Moreover,  local  or  eddy  currents  in  the  copper  are 
liable  to  be  least  in  this  part,  due  to  the  absence  of  the 
iron.  Consequently,  in  the  end  windings  the  actual 
copper  temperatures  are  higher  than  the  surroimding 
air  temperatures  only  by  the  amount  of  temperature 
drop  through  the  insulation  including  the  contact 
drop. 

However  in  the  core,  or  buried  part  of  the  coil,  the 
conditions  are  quite  different.  Here  the  heat,  to  a 
great  extent,  must  pass  from  the  copper,  through  the 
insulation  to  the  embedding  iron,  and  then  through  the 
iron  to  the  cooling  surfaces  and  to  the  cooling  air 
which  may  or  may  not  be  at  as  low  temperature  as 
that  around  the  end  windings,  usually  not,  as  will  be 
explained  later.  Obviously  the  temperature  of  the 
copper  in  the  buried  part  must  be  at  a  materially 
higher  temperature  than  in  the  end  parts.  But  as 
copper  is  a  pretty  good  heat  conductor,  this  difference 
in  the  copper  temperature  tends  to  equalize  itself  by 
heat  flow  along  the  coil  itself,  thus  tending  to  lower  the 
higher  temperature  and  increase  the  lower.  This  ac- 
tion can  be  quite  effective  in  equalizing  the  tempera- 
tures in  the  various  parts  in  those  machines  where 
the  heat  paths  are  not  too  long  compared  with  the  sec- 
tion of  the  conducting  path  and  the  amount  of  heat  to 
be  conducted.  In  narrow  core  machines,  with  short 
end  windings,  the  equalization  may  be  within  a  few 
degrees,  but  in  the  usual  wide  turbo-generator  cores, 
with  the  very  long  span  end  windings,  this  equaliza- 
tion only  shows  prominently  in  the  dividing  zone  be- 
tween ends  and  core.    In  other  words  there  is  a  vay 
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considerable  longitudinal  heat  flow  at  this  part,  but 
it  is  relatively  small  far  in  the  core  or  far  out  on  the 
end  windings.  This  may  be  illustrated  diagram- 
matically  by  Fig.  6.  Here  the  temperature  of  the  core 
with  respect  to  the  copper  is  dependent  upon  the  load 
conditions.  With  heavy  load  this  flow  may  be  from 
the  buried  copper  to  the  iron  at  all  parts  of  the  core 
width,  while  at  light  load  the  flow  may  be  from  the 


Fig.  6 

iron  to  the  copper  over  the  whole  core  width.  At  in- 
termediate loads  there  may  be  heat  flow  from  the  iron 
to  the  copper  near  the  ends  of  the  core,  and  from  copper 
to  iron  in  the  midportions. 

Considering  the  heavy  load  conditions  it  is  obvious, 
in  a  wide  core  machine,  that  the  center  parts  should 
show  very  materially  higher  temperatures  than  the 
end  copper,  such  higher  temperatures  being  due  to 
two  or  more  drops,  (1)  through  the  insulation,  (2) 
through  the  iron  and  the  surface  contact,  and  (3)  to 
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the  difference  between  the  cooling  air  in  the  core  and 
that  around  the  end  windings.  This  latter  effect  may 
be  very  considerable,  as  will  be  brought  out  later. 
It  should  be  evident  that  if  the  temperature  rise  or 
insulation  drop.,  as  determined  at  the  end  windings, 
should  be  40  deg.  cent,  for  instance,  then  the  tempera- 
ture rise  in  certain  of  the  embedded  parts  should  be 
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Fig.  7 


higher  by  the  amount  of  the  adjacent  iron  tempera- 
ture, plus  the  rise  in  the  cooling  air  at  those  parts.  If 
the  iron  temperature  should  be  40  deg.  cent,  above 
the  adjacent  cooling  air,  and  the  latter  should  be  only 
10  deg.  cent,  above  the  outer  or  end  air,  then  this 
represents  50  deg.  cent,  additional  temperature  to  be 
added  to  the  insulation  drop  from  the  copper  to  the 
iron,  or  a  total  of  40  deg.  +  50  deg.  =  90  deg.  These 
should  not  be  taken  as  representative  figures,  but  are 
simply  assumed,  to  bring  out  the  general  fact.    The 
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object  is  to  show  that  the  central  portion  of  the  core 
will  necessarily  be  considerably  hotter  than  the  ends, 
and  that  an  end  winding  temperature  measurement 
alone  is  of  no  value  in  such  apparatus. 

Heat  Flow  in  the  Armature  Iron 
In  practically  all  methods  of  turbo-generator  ven- 
tilation there  are  two  general  paths  of  heat  flow  in  the 
armature  iron,  namely,  along  the  laminae,  and  trans- 
versely. With  the  radial  arrangement  of  ducts  it  is 
usually  considered  that  the  heat  flow  is  across  the 


laminations,  to  the  ducts,  which  is  true  in  certain  parts 
of  the  core,  but  is  not  entirely  so  in  what  may  be  called 
the  tooth  beU,  as  distinguished  from  the  body  or  core 
back  of  the  teeth.  However,  it  is  the  tooth  belt  with 
which  we  are  mostly  concerned,  for  here  are  the  em- 
bedded armature  coils.  Here  the  heat  flows  partly 
across  the  laminae  to  the  radial  duct  surfaces,  but  in 
many  cases  quite  a  large  part  Hows  along  the  laminae 
to  some  cooler  parts,  such  as  the  tooth  tips,  or  the  core 
behind  the  teeth.  One  reason  for  the  longitudinal 
flow  lies  in  the  much  better  heat  conducting  path 
along  the  iron,  compared  with  that  across  the  thin 
laminae  with  their  good  coating  of  insulating  (and, 
therefore,  poor  heat  conducting)  varnish. 

The  flow  to  the  tooth  tips  is  especially  large  in  those 
cases  where  the  armature  coils  are  sunk  some  con^der- 
able  distance  below  the  gap  surface,  as  shown  in  Fig.  8. 
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Here  the  tooth  tip  surface  ia  very  materially  increased, 
and  the  heat  dissipation  is  largely  at  the  edges  of  the 
laminations.  Experience  has  shown  very  considerable 
improvement  in  iron  temperatures  with  this  sunkoi 
coil  arrangement. 

In  the  body  of  the  core,  back  of  the  slots,  the  heat 
flow,  in  the  radial  slot  arrangement,  will  be  mostly 
across  the  laminae.  Due  to  this  the  ducts  should  be 
spaced  at  quite  frequent  intervals,  there  being,  usually, 
one  duct  for  at  least  each  2  in.  of  core  width.     Even 


with  a  2-in.  spacing,  temperature  differences  of  as  much 
as  10  deg.  cent,  may  be  noted  in  cases,  between  the 
center  of  the  pack  and  the  end  laminae. 

In  the  axial  arrangement  of  ducts,  the  heat  flow  is 
largely  along  the  laminations,  except  at  the  central 
part  where  radial  ducts  are  used. 

At  the  tooth  tips  and  air  gap,  obviously  the  heat 
dissipating  conditions  are  very  much  as  in  the  radial 
duct  arrangement,  especially  where  the  coils  are  well 
below  the  surface.  There  is  also  a  strong  flow  outward 
to  the  core  and  the  axial  duets  back  of  the  coil  slots,  as 
indicated  in  Fig.  9. 

From  off-hand  inspection,  one  would  say  that  this 
method  of  heat  dissipation  is  less  effective  than  that 
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with  radial  ducts,  as  the  paths  of  heat  flow  are  longer. 
But  it  is  purely  a  quantitative  problem,  as  the  heat 
flow  across  the  laminae  is  not  nearly  as  effective  as 
along  them,  possibly  in  the  ratio  of  1  to  10,  so  that  the 
longer  path  may  actually  represent  considerably  less 
temperature  drop  than  the  shorter  transverse  one. 
On  this  basis,  it  then  narrows  down  to  the  effective  air 
surfaces  for  dissipating  the  heat,  and  upon  the  amoimt 
of  air  which  can  be  utilized. 

The  primary  reason  for  the  axial  method  of  ventila- 
tion is  to  get  away  from  some  of  the  physical  restric- 
tions of  the  purely  air  gap  method  of  air  supply.  In 
the  latter  method  the  entire  air  supply,  in  most  cases, 
is  through  the  air  gap,  thus  limiting  the  permissible 
volume  of  air  which  can  be  supplied.  The  axial  ar- 
rangement, as  usually  supplied,  simply  adds  core  ven- 
tilating passages  in  parallel  with  the  air  gap.  Suffi- 
cient air  is  forced  through  the  gap  to  cool  the  rotoi 
and  also  to  exert  a  scouring  action  on  the  tooth  tips, 
thus  assisting  materially  in  cooling  the  tooth  belt. 
Additional  air  is  forced  through  the  core  ducts,  back 
of  the  tooth  belt,  to  assist  in  cooling  the  teeth  and  to 
cool  the  core  proper.  As  stated  before,  the  effective- 
ness of  the  method  depends  largely  upon  the  duct  sur- 
face exposed  and  the  quantity  of  air  supplied,  just  as 
with  other  methods  of  ventilation.  The  real  temper- 
ature drops  are  not  so  much  in  the  iron  itself,  as  from 
the  exposed  surfaces  to  the  air,  or  what  may  be  called 
the  contact  drop. 

Effects  of  Heating  of  the  Ventilating  Am 

As  the  ventilating  air  takes  up  the  heat,  it  rises  in 
temperature  and  becomes  correspondingly  less  effec- 
tive as  a  cooling  element.  In  other  words,  any  addi- 
tion to  the  cooling  air  temperature  means  a  corres- 
ponding addition,  in  degrees,  to  the  temperature  of 
the  iron  and  copper.  Therefore,  the  effectiveness  of 
the  air  cooling  depends  to  some  extent  upon  the  course 
of  the  air  through  the  parts  to  be  cooled.  Theoretic- 
ally, if  any  given  part  needs  the  most  effective  ventila- 
tion, then  the  coolest  air  should  be  fed  directly  to  that  j 
part,  with  as  little  rise  as  possible.    None  of  the  present 
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methods  accomplish  this  completely,  but  some  appear 
to  be  more  effective  than  others. 

Consider  first,  the  radial  arrangement,  where  the 
air  enters  at  each  end,  through  the  air  gap.  The  air 
is  heated  by  friction  as  it  passes  along,  as  about  half 
the  total  windage  loss,  in  such  machines,  is  in  the  fan 
and  the  other  half  is  in  the  air  passages.  Also  as  the 
air  passes  over  the  rotor  and  stator  gap  surfaces,  it 
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takes  up  heat  from  these  parts.  In  consequence, 
there  is  a  gradual  accession  in  air  temperature,  from  the 
ends  of  the  core,  towards  the  center.  This  adds  a 
corresponding  increase  to  the  temperatures  of  the  iron 
and  copper  parts.  The  increase  in  the  air  tempera- 
ture at  the  central  part  will  be,  presumably,  about 
half  the  total  air  rise,  or  possibly  more,  as  the  loss  due 
to  the  air  friction  in  the  gap,  plus  the  rotor  gap  loss, 
-^^us  the  tooth  loss  dissipated  at  the  air  gap,  may  be 
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taken  as  equal  to,  or  greater  than,  the  core  and  tooth 
losses  dissipated  directly  into  the  radial  ducts. 

With  auxiliary  central  duct  ventilation,  as  described 
before  in  connection  with  Fig.  2,  the  rise  in  the  air  tem- 
perature at  the  tooth  belt,  is  probably  about  midway 
between  the  temperatures  of  the  entering  and-^xit  air. 

In  the  axial  method,  of  the  more  usual  type,  similar 
conditions  hold,  and  the  temperature  rise  of  the  air  is 
somewhat  greater  at  the  central  parts,  than  the  usual 
radial  arrangement,  due  to  the  fact  that  much  the 
larger  part  of  the  heat  dissipation  to  the  air  occurs  by 
the  time  the  air  has  reached  the  central  portion.  In 
consequence,  the  air  temperature  rise,  at  the  center, 
is  due  to  the  core,  s»  well  as  the  tooth  losses,  consider- 
ing only  the  core  channel.  In  the  air  gap  the  tena- 
perature  increase  of  the  air  is  due  to  air  friction  and  to 
the  stator  and  rotor  gap  surface  heat  dissipation,  just 
as  in  the  radial  arrangement.  However,  it  must  be 
borne  in  mind  that  the  total  volume  of  air  through  the 
gap  is  smaller  than  in  the  radial  method,  which  should 
mean  smaller  friction  loss.  Taking  into  account 
both  the  decrease  in  loss,  and  the  reduced  volume  of 
air,  the  increase  in  the  air  temperature  in  the  gap,  at 
the  center,  may  or  may  not  be  larger  than  in  the  radial 
arrangement, — it  is  purely  a  question  of  proportion. 

With  the  more  recent  types  of  axial  construction, 
where  the  central  portion  of  the  stator  embodies  a 
large  number  of  radial  ducts,  the  end  parts  of  the  core 
being  supplied  with  axial  channels,  it  is  a  question 
whether  there  is  much  difference  between  the  axial 
and  radial  arrangements,  as  far  as  air  temperatures 
are  concerned. 

The  above  is  on  the  basis  of  air  flowing  towards 
what  are  nominally  the  hotter  parts  of  the  machine. 
Let  us  now  look  at  the  matter  on  the  basis  of  the  air 
flow  being  in  the  opposite  direction,  with  the  axial 
method  of  ventilation.  At  first  thought,  this  would 
not  appear  to  change  the  conditions.  However,  there  is 
one  important  difference.  Here  the  temperature  rise 
of  the  air  is  least  at  the  central  part  of  the  core,  and 
is  higher  near  the  ends,  whereas  the  copper  tempera- 
tures, as  shown  in  Fig.  6,  are  natiu-ally  higher  toward 
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the  center,  and  lower  at  the  ends,  due  to  longitudinal 
heat  flow  from  the  buried  windings  toward  the  ends. 
The  resultant  of  the  two  effects  is  to  tend  to  equalize 
the  copper  temperatures  in  the  core,  by  bringing  down 
the  higher  points  and  increasing  the  lower.  There  is, 
however,  one  disadvantage  in  this  arrangement,  in  that 
tJiere  will  be  higher  temperatures  in  the  end  windings, 


so  much  so  that  mica  end  insulation  may  be  required, 
which  usually  is  not  so  desirable  on  the  curved  end  parts. 
Of  course,  there  are  possible  remedies  for  this  condition, 
such  as  an  auxiliary  cooler  air  supply  for  the  ends,  as 
from  a  separate  fan,  or  fans. 

By  this  reversed  axial  method,  as  it  could  be  called, 
a  reduction  of  the  central  copper  temperatures  of  10 
de'g.  to  20  deg.  might  be  possible,  depending  upon  the 
individual  designs.     However,  at  some  intermediate 

'  it  a  in  the  core  there  should  be  no  gain,  while  at 
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the  ends  there  may  be  an  increase  of  possibly  20  deg. 
If  the  hottest  central  part,  with  the  usual  arrangement, 
is  10  deg.  hotter  than  the  intermediate  point  a  of  no- 
temperature-change,  then  the  actual  peak  or  hottest 
spot  temperature  of  the  stator,  as  a  whole,  may  be 
materially  lowered  by  this  arrangement.  The  rotor 
ventilation,  however,  presents  a  more  difficult  problem, 
as  will  be  referred  to  later. 

Ventilation  and  Temperature  Problems  op  the 

Rotor 

In  the  foregoing,  the  problems  of  the  stator  have 
been  considered,  but  the  rotor  must  not  be  forgotten. 
The  actual  copper  loss  in  the  rotor  of  the  modem  huge 
capacity  turbo-alternators  may  be  as  much  as  80  to 
100  kw.,  and  most  of  the  heat  resulting  from  this  must 
be  radiated  from  the  rotor  air  gap  surface.  In  addition 
there  are  eddy  current  losses  in  the  rotor  iron,  some- 
times relatively  large,  due  to  the  open  stator 
slots,  etc.  And  yet  the  excitation,  or  copper  losses 
in  turbo  alternators  are  very  small,  in  per  cent,  com- 
pared with  other  types  of  rotating  electrical  machines. 
In  a  30,000-kw.  turbo-alternator,  which  is  by  no  means 
the  largest  size  built,  one  quarter  of  one  per  cent,  ex- 
pended in  the  exciting  windings,  means  75  kw.  loss  in 
the  rotor,  which  must  be  dissipated.  The  rate  of  heat 
dissipation  from  the  gap  surface  of  the  rotor  is  often 
extremely  high.  Four  to  five  watts  per  square  inch  of 
gap  surface  is  not  unusual.  Comparing  this  with  the 
0.5  to  1.0  watt  per  sq.  in.,  common  in  connection  with 
dissipation  of  the  excitation  heat  in  more  moderate 
speed  machines,  it  may  be  seen  that  the  above  figures 
indicate  a  very  abnormal  rate  of  heat  dissipation  to 
air. 

The  writer  believes  he  was  one  of  the  first  to  use 
purely  air  gap  ventilation  for  the  cooling  of  high-speed 
turbo  rotors,  and  his  early  tests  gave  decided  evidence 
of  the  great  effectiveness  of  this  method.  However, 
there  is  naturally  a  limit  to  the  effectiveness  of  such 
cooling,  for  there  is  some  point  where  the  improvement 
is  quite  small,  with  materially  increased  air  velocities. 
Possibly  air  "cavitation"  comes  in,  as  one  of  the  con- 
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ditions  which  influence  this  result.  The  effectiveness 
of  the  air,  in  cooling  the  rotor,  depends  upon  the  scour- 
ing action  of  the  air  on  the  rotor  surface,  the  hot  layers 
in  contact  with  the  metal  being  continually  torn  off 
and  replaced  by  cooler  air.  Experience  shows  that 
this  action  does  not  appear  to  be  proportionally  effec- 
tive with  air  velocities  above  a  certain  point.  Appar- 
ently the  ventilating  air  along  the  air  gap  is  crowded 
out  against  the  stator  surfaces,  and  thus  possibly  may 
become  more  effective  in  cooling  the  stator,  with  the 


higher  velocities.  Under  such  conditions,  sinking  the 
stator  coils  well  below  the  gap  surface  should  be  espe- 
cially beneficial. 

It  was  stated  that  a  large  part  of  the  rotor  losses  is 
dissipated  as  heat  at  the  rotor  gap  surface.  But  much 
of  this  loss  occurs  at  a  considerable  distance  from  the 
surface,  and  the  resulting  heat  must  be  conducted 
through  various  paths  to  the  cooling  air.  This  con- 
stitutes quite  a  problem  in  itself. 

Fig.  12  illustrates  the  arrangement  of  the  rotor  coils 
and  core,  in  cross-section,  in  the  usual  radial  slot  typ^ 
of  rotor,  with  a  two-pole  machine.  From  this  illus- 
tration it  may  be  seen  that  there  are  two  main  paths 
of  heat  flow  from  the  rotor  coils,  namely,  outward 
directly  toward  the  surface,  and  inward  to  the  central 
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body  or  core  and  then  along  the  metal  of  the  core  to 
the  pole  surface  and  to  the  ends  of  the  core.  Ob- 
viously these  latter  paths  are  very  much  longer  than 


Fig.  13 

the  former,  but  to  compensate  for  this,  their  sections 
are  relatively  larger,  so  that  the  density  of  heat  flow 


I 


T 


Fig.  14 

is  correspondingly  lower.    It  is  largely  a  question  of 
relative  proportions. 

Let  us  consider  now,  an  individual  rotor  slot  and  its 
winding,  as  shown  in  Fig.  13.    Here  the  first  tempera- 
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ture  drop  of  importance  is  from  the  copper  to  the  sin^ 
rounding  iron,  and  the  supporting  wedges.  The 
amount  of  drop  is  dependent  upon  the  density  of  heat 
flow,  thickness  and  grade  of  insulation,  etc. 

The  division  of  heat  flow  between  the  direct  outward 
path  and  the  various  inward  paths  is  dependent  upon 
the  relative  heat  conducting  characteristics  of  these 
paths,  as  determined  by  their  lengths,  cross  sections, 
materials,  etc.    The  problem  of  the  heat   flow    and 
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distribution  is  somewhat  similar  to  that  of  the  axial 
type  of  stator,  except  that  it  is  more  complicated.  As 
the  purpose  of  this  paper  is  to  illustrate  the  problem, 
rather  than  to  solve  it  quantitatively,  the  above  de- 
scription is  considered  sufficient. 

In  the  end  windings  of  the  radial  slot  type  of  rotor 
still  other  problems  of  ventilation  and  heating  are 
encountered.  The  usual  arrangement  of  the  end 
windings  is  as  illustrated  in  Fig.  14,  which  shows  six 
slots  per  pole.  Here  the  end  windings  are  exposed  to 
the  air,  and  should  show  ideal  conditions  for  ventila- 
tion, provided  good  air  circulating  conditions  are  ob- 
tainable, which  is  not  often  the  case.  A  heavy  sup- 
porting end  ring  is  required  over  the  windings,  and  the 
coils  must  be  well  insulated  from  this.  This  enclosing 
fing  is  a  direct  hindrance  to  radial  ventilation  between 
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the  coils.  Numerous  ventilating  holes  through  the 
supporting  ring  will  aid,  but  in  turn  brings  up  problems 
of  surface  leakages  and  creepage  distances,  especially 
where  the  end  windings  have  no  outer  wrappings, 
which  is  frequently  the  case.  Outer  wrappings  over 
these  end  windings  tend  to  bulge  and  crush  out  of 
shape,  collect  dirt,  etc.,  and,  in  consequence,  some 
manufacturers  omit  them  altogether,  and  more  or  less 
completely  enclose  the  end  windings,  except  from  be- 
low, believing  that  better  insulating  conditions  can  be 
obtained  in  this  manner.  To  compensate  for  the  re- 
duced ventilation  of  the  windings,  it  is  not  imusual  to 
arrange  ventilating  channels  into  and  through  the 
rotor  core,  directly  under  the  rotor  coils,  as  shown  in 
Fig.  15,  suitable  radial  outlets  being  supplied  near  the 
core  center. 

With  reversed  ventilation  as  described  in  connection 
with  Fig.  11,  it  is  difficult  to  say  just  what  course  the 
rotor  ventilating  air  would  follow. 

Iron  Losses  in  Turbo  Generators 

The  stator  or  armature  core  losses  in  large  tiu'bo- 
generators  follow  the  same  laws  as  in  other  types  of 
rotating  apparatus  (except  possibly  in  degree),  due 
largely  to  the  very  abnormal  magnetic  proportions. 
In  the  largest  synchronous  converters,  outputs  of  300 
kw.  per  pole  are  considered  quite  high ;  in  large  high- 
speed water-wheel  generators,  synchronous  conden- 
sers, etc.,  3000  kw.  or  kv-a.  per  pole  is  unusual;  but,  in 
the  modem  capacity  turbo  alternators,  8000  to  10,000 
kv-a.  per  pole  is  accepted  practise  for  60  cycles,  and  up 
to  20,000  kv-a.  per  pole  for  25  cycles.  Such  enormous 
outputs  per  pole  can  only  mean  abnormal  magnetic 
proportions,  compared  with  other  classes  of  electrical 
apparatus.  In  consequence,  special  problems  are 
encountered,  in  the  way  of  losses,  both  in  the  iron  and 
in  the  copper  parts. 

One  of  the  special  conditions  is  the  relatively  high 
voltage  between  laminations,  compared  with  ordinary 
types  of  machines.  For  comparative  purposes  this 
may  be  expressed  in  terms  of  volts  per  inch  of  core. 
In  ordinary  types  one  volt  per  inch  width  of  core  is 
quite  high,  whereas  in  some  of  the  modem  turbo- 
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alternators  this  figure  is  doubled,  or  even  more  in  some 
instances.  This,  together  with  the  enormous  plate 
surface  per  pole,  tends  naturally  to  exaggerate  eddy 
current  losses  in  the  iron.  The  laminae  must  be  in- 
sulated better  from  each  other,  than  in  ordinary  ma- 
chines. The  effects  of  the  burred  edges  of  the  plates, 
due  to  punching,  are  more  pronounced.  For  instance, 
a  two-mil  (0.002-in.)  burr  is  considered  quite  small,  in 
punching,  yet  with  17-mil  thickness  of  plates,  this  burr 
represents  about  12  per  cent  of  the  plate  thickness, 
and  several  times  the  depth  of  the  insulating  coating 
on  the  plates.  Such  burrs,  under  great  pressure,  tend 
to  cut  through  and  make  metallic  contact  between 
plates.  Such  minute  contacts  may  seem  to  be  of 
minor  importance,  and  correctly  so  in  machines  with 
low  volts  per  inch  of  iron.  But  in  the  huge  turbo- 
alternators,  with  their  higher  voltages  between  plates, 
the  effects  of  undue  burr  are  quite  considerable. 

In  the  same  way,  extreme  care  must  be  taken  to 
line  up  the  stator  plates  or  punchings,  so  that  little 
or  no  filing  is  necessary  in  the  coil  slots.  If  the  build- 
ing is  xmeven,  so  that  individual  laminae  project  into 
the  slots,  these  high  points  should  be  removed,  other- 
wise the  coils  are  liable  to  loosen  in  the  slots,  in  time, 
through  concentrated  pressure,  with  consequent  wear 
of  the  insulation  at  the  projecting  laminae.  Fairly 
smooth  slots  are  an  essential  condition,  as  shown  by 
bitter  experience.  On  the  other  hand,  if  one  attempts 
to  level  down  the  high  laminae  by  filing,  as  has  been 
not  uncommon  practise  in  other  types  of  machines, 
there  is  more  or  less  danger,  due  to  possible  dragging 
over  of  adjacent  laminae,  with  consequent  metallic 
contact.  It  is  almost  unbelievable  what  high  tempera- 
tures may  be  developed  locally  by  such  burring  over 
at  the  edges  of  the  laminae.  In  two  instances  directly 
within  the  writer's  personal  knowledge,  such  burring 
resulted  in  actual  fusion  of  the  metal  at  the  filed  or 
burred  place.  This  fusion  meant  actual  temperature 
of  many  hundreds  of  degrees  centigrade,  or  far  above 
any  workable  point.  Yet,  even  under  this  condition, 
one  of  these  turbo  generators  went  through  its  com- 
plete shop  test  without  evidence  pf  trouble,  and  it  WJW 
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only  by  the  merest  accident  that  the  damaged  point 
was  discovered.  In  the  other  case,  three  adjacent 
laminae  had  been  burred  together  in  some  way,  pos- 
sibly due  to  filing,  and  had  welded  together  at  their  edges, 
in  the  coil  slot,  and  had  so  damaged  the  mica  coil 
wrapper  that  a  bum-out  occurred  in  a  few  hours' 
time.  Here  the  local  temperature  must  have  been 
far  above  600  deg.  cent.,  for  incandescence,  which  be- 
gins between  550  deg.  and  600  deg.  is  far  too  low  to 
cause  such  welding.  "In  both  of  the  above  cases  the 
writer's  inference  is  that  the  local  temperatures  at- 
tained approximated  1000  deg.  cent.  It  was  only  due 
to  the  mica,  that  the  breakdown  did  not  occur  immedi- 
ately, in  both  cases. 

Pressure  apparently  has  a  considerable  effect  on  the 
losses  in  turbo-generator  cores,  possibly  due  to  the 
establishment  of  better  contact  between  adjacent 
plates,  the  burr  cutting  through  the  insulating  coating 
on  the  plates.  Quite  often,  in  assembling  the  stator 
core,  the  resulting  pressure  is  greatest  next  to  the  ends, 
and,  in  practise,  greater  losses  and  higher  tempera- 
tures have  resulted.  To  lessen  the  loss,  by  breaking 
up  the  contact  between  plates,  etc.,  it  is  sometimes  the 
practises  to  add  separating  sheets  of  suitable  paper  at 
frequent  intervals  throughout  the  core,  the  intervals 
being  shortened  near  the  core  ends.  This  has  proved 
quite  effective,  in  the. past,  in  equalizing  the  losses 
and  temperatures  due  to  core  pressure.  In  one  case 
where  the  core  losses  were  unduly  high,  and  there  was 
excessive  temperature  in  the  end  sections,  the  writer 
had  the  stator  iron  removed  for  about  6  in.  at  each  end, 
and  then  replaced,  adding  sheets  of  fairly  heavy  "ex- 
press" paper  every  1/8  in.  With  the  original  amount 
of  iron  replaced  in  the  core,  thus  representing  greater 
compactness  and  higher  pressure  than  before,  the 
stator  losses  were  down  to  normal,  and  the  tempera- 
tures were  quite  well  equalized.  It  might  be  men- 
tioned that  this  particular  stator  used  radial  type 
ventilation  with  air  ducts  at  quite  frequent  intervals. 
The  above  is  simply  indicative  of  a  number  of  quite 
similar  experiences.  Some  criticism  has  been  raised 
regarding  the  durability  of  such  paper,  but  long  ex- 
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perience  shows  that  where  the  stator  iron  has  an  ulti- 
mate temperature  lower  than  that  at  which  the  paper 
deteriorates,  apparently  no  trouble  whatever  results 
from  its  use.  It  should  be  borne  in  mind  that  this 
method  of  using  the  paper  is  not  the  equivalent  of  the 
tissue  like  paper  coating  on  the  individual  lamina, 
sometimes  used  abroad  in  place  of  a  varnish  coating 
on  the  plates.  This  heavy  paper  at  intervals  is  in  addi- 
tion to  the  coating  on  the  plates,  and  is  for  the  purpose 
of  adding  a  large  number  of  definite  positive  breaks  in 
the  metallic  structure,  these  breaks  being  wider  than 
the  worst  burrs  which  are  liable  to  occur  in  the  pxmch- 
ings. 

While  the  effect  of  the  punching  of  the  plates  is  to 
produce  burrs,  which  may  be  eliminated  to  a  great  ex- 
tent by  further  treatment,  it  also  has  a  harmful  effect 
in  increasing  the  magnetic  losses  in  the  h-on,  apparently 
due  to  the  shearing  effect.  The  action  of  pxmching  or 
shearing  seems  to  affect  the  material  in  proximity  to 
the  sheared  edges.  Consequently  the  harmful  effect 
is  largest,  where  the  sheared  edges  bear  a  high  ratio 
to  the  total  iron,  that  is,  at  the  teeth.  Annealing 
after  punching  quite  often  shows  a  gain  sufficient  to 
warrant  the  additional  expense.  In  some  types  of 
apparatus,  however,  it  does  not  appear  to  be  worth 
while. 

Armature  Copper  Losses  in  Turbo  Generators 

Like  the  iron  losses,  the  armature  copper  losses  fol- 
low the  laws  of  ordinary  machines,  except  in  degree. 
There  are  three  principal  losses  to  be  considered, —  (1) 
the  usual  PR  due  to  the  load  current, —  (2)  eddy  cur- 
rents in  the  conductors  due  to  the  flux  across  the  arma- 
ture slots  set  up  by  the  armature  load  current,  and  (3) 
the  eddy  currents  in  the  coils  set  up  by  the  main  field, 
or  gap,  flux  entering  the  top  of  the  armature  slots. 

Loss  (1)  is  taken  care  of  by  a  suitable  section  of 
conductor.  Loss  (2)  may  be  quite  large  in  large  turbo- 
alternators,  due  to  the  fact  that  the  ampere-wires  per 
slot  are  quite  large  in  many  cases,  the  number  of  slots 
being  small  due  to  the  physical  lijnitations  of  the  dimen- 
4ons  of  the  machines.  This  means  relatively  deep 
ots  and  coils,  and  a  teivdexvcy  tor  excessive  local  cur- 
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rents,  unless  unusual  subdivision  or  lamination  of  the 
conductors  is  resorted  to,  this  being  done  quite  com- 
pletely in  modem  practise. 

Loss  (3)  due  to  gap  or  field  flux  penetrating  the  slot 
and  armature  conductor  is  dependent  upon  the  amount 
of  such  flux,  which  in  turn  depends  upon  the  propor- 
tions of  the  slot  with  respect  to  the  gap,  etc.    At  first 


Fig.  16 


glance,  one  would  be  inclined  to  say  that,  with  a  small 
air  gap,  the  gap  flux  would  penetrate  the  armatm^ 
slot  more  than  with  a  wide  gap,  but,  in  fact,  the  op- 
posite is  the  case.  With  the  large  gap,  the  relative 
lengths*  of  the  flux  paths  into  the  slots,  are  shorter, 
compared  with  the  direct  iron-to-iron  paths,  than  with 
a  short  gap,  other  conditions  being  equal,  and  conse- 
quently the  fringing  into  the  slots  will  be  greater,  see 
Fig.  16.  An  obvious  means  for  lessening  this  flux  is 
to  sink  the  armature  conductors  a  considerable  dis- 
tance below  the  gap  surface,  and  this  is  quite  common 
practise  in  modem  machines.  Fairly  large  air  gaps 
are  necessary,  from  the  design  standpoint,  on  all  large* 
turbo  generators;  so  that,  without  special  precautions, 
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such  as  sunken  coils,  well  laminated  conductors,  etc.» 
the  losses  from  the  gap  flux  would  be  much  larger  than 
in  usual  types  of  machines. 

The  lamination  of  the  conductors  of  turbo  generators 
has  been  quite  a  problem.  Various  methods  of  sub- 
division and  of  insulation  of  the  individual  strands, 
have  been  tried.  Enamels  and  varnishes  of  various 
sorts,  cotton  coverings,  and  taping  with  mica  paper, 
have  been  used.  Due  to  the  high  temperatures  inside 
the  coils  themselves,  which  almost  invariably  occur 
in  large  turbo  generators,  the  use  of  mica  on  the  in- 
dividual strands  appears  to  be  the  only  really  safe  and 
satisfactory  method  just  as  mica  in  the  outside  wrapper 
represents  the  best  practise. 

Due  to  the  fact  that  the  upper  coil  in  the  slot  natur- 
ally has  greater  eddy  current  losses,  there  is  liable  to 
be  some  difference  between  the  temperatures  of  the 
upper  and  lower  coils,  which  has  an  influence  on  the 
temperature  measurements.  This,  however,  belongs  • 
in  the  next  subject  treated. 

In  order  to  sub-divide  the  large  conductors  more 
completely,  as  well  as  for  reasons  of  design,  it  is  a  not 
infrequent  practise  to  sub-divide  the  armature  cir- 
cuits into  two  or  more  parallels,  by  which  means  cer- 
tain transpositions  of  the  conductors  and  their  ele- 
mentary strands  can  be  obtained,  with  consequent 
reduction  in  the  eddy  current  losses. 

Volume  of  Cooling  Air,  and  Windage  Losses 

Reference  has  been  made,  repeatedly,  to  the  diflS- 
culties  in  obtaining  the  requisite  cooling  air.  It  is  the 
enormous  volume  of  air  required  that  is  back  of  much 
of  the  difficulty.  As  a  rough  approximation;  let  us 
assume  the  total  generator  losses,  including  windage, 
as  4  per  cent  of  the  rated  capacity;  or  the  loss  in  kilo- 
watts is  equal  to  0.04  X  kw.  capacity.  Also  accepting 
the  well-known  relation  that  one  kw.  loss  will  raise 
the  temperature  of  100  cubic  feet  of  air  18  deg.  cent,  in 
one  minute,  then  four  cubic  feet  of  air  per  minute  is 
required  per  kw.  capacity  of  the  machine  for  18  deg. 
cent,  rise  of  the  air,  or  three  cubic  feet  per  kw.  for  24* 
deg.  cent.  rise.  This  is  only  a  crude  quantitative 
^itement  of  the  problem,  but  it  indicates  that  for  a 
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30,000-kw.  or  kv-a.  gpnerator,  for  instance,  a  total  of 
about  90,000  cubic  feet  of  air  per  minute  is  required. 
This  volume,  in  practise,  will  actually  lie  between 
75,000  and  100,000  cubic  feet,  depending  upon  the 
total  losses  (including  windage  itself),  and  upon  the 
air  temperature  rise  allowed.  In  any  case  it  is  very 
large  and  the  real  problem  is  to  obtain  sufficient  cross 
section  of  air  inlet  without  unduly  high  air  velocities. 
Assuming  a  maximum  velocity  of  9000  feet  per  minute, 
the  minimiun  cross  section  of  the  air  path  must  be  about 
nine  square  feet,  or  equivalent  to  an  opening  three  ft. 
by  three  ft., — an  apparently  impossible  figure  from 
casual  observation  of  the  air  gap  and  other  air  channels 
through  the  machine.  But  even  9000  ft.  air  velocity 
is  very  high  and  means  quite  considerable  pressures 
for  forcing  the  air  through  the  machine,  with  conse- 
quent high  windage  losses. 

Whether  the  core  loss  proper  be  taken  care  of  by 
axial  or  radial  duct  ventilation,  in  either  case  a  large 
•  volume  of  air  is  required  to  take  up  the  total  gap 
losses  and  this  alone  means  comparatively  large  wind- 
age losses.  This  is  an  inherent  condition,  and  the  dif- 
ference, with  the  various  methods  of  ventilation,  is 
only  one  of  degree. 

With  any  reasonably  well  designed  method  of  ven- 
tilation, it  is  possible  to  get  the  requisite  air  through 
the  machine  with  the  desired  cooling  effect,  provided 
suitable  pressure  is  obtainable.  However,  the  higher 
the  pressure  with  a  given  volume  of  cooling  air,  the 
higher  will  be  the  losses,  other  conditions  being  ap- 
proximately the  same.  In  consequence,  there  is  a 
limit  to  the  permissible  pressure  which  can  be  used. 

The  efficiency  of  the  fan  which  provides  the  pres- 
sure, is  an  element  of  the  problem,  but  when  one  con- 
siders that  more  than  one-half  of  the  total  windage 
loss  is  inside  the  machine  and  independent  of  the  fan 
itself,  it  is  evident  that  the  fan  efficiency  is  not  a  dom- 
inating feature,  although  it  is  of  importance. 

The  problem  of  artificial  cooling  is  more  complex 
in  the  turbo  generator  than  in  any  other  type  of  elec- 
tric machine,  and  it  may  be  said  that  more  engineering 
effort  has  been,  and  is  being,  spent  on  this  than  any 


942  B.  G.  LAMME  [June  29 

other  problem  in  this  class  of  apparatus.  Each  step 
upward,  in  capacity,  or  in  speed,  opens  the  problems 
anew,  for  in  each  of  the  preceding  advances  the  de- 
signers have  usually  strained  to  the  utmost  to  meet  the 
necessities  of  the  case. 

To  the  uninitiated,  the  volume  and  the  weight  of  air 
required  to  cool  the  modem  turbo  generator  is  always 
a  matter  of  surprise.  Without  the  figures  before  one, 
it  is  almost  unbelievable  that  a  modem  large  capacity 
turbo  generator  puts  through  itself  practically  its  own 
weigh  tin  cooling  air  in  forty  to  sixty  minutes.  Obviously, 
unless  this  air  is  kept  very  clean,  the  total  amount  of 
dirt  and  other  foreign  substance  which  pass  through 
the  machine,  in  even  a  few  days'  time,  will  be  enor- 
mous, and  a  very  small  percentage  of  this,  deposited 
inside  the  machine,  may  soon  seriously  clog  the  venti- 
lating passages  and  thus  interfere  with  the  operation  of 
the  machine.  This  indicates  why  air  washers  and 
other  devices  for  preventing,  or  lessening,  the  admis- 
sion of  dirt,  have  become  almost  a  necessity  in  such  * 
machinery. 

Temperature  Determinations 

There  are  two  special  problems  in  the  temperature 
determination  of  large  turbo  generators,  namely,  loca- 
tion of  the  hottest  part,  and  measurement  of  the  tem- 
perature in  such  a  manner,  or  by  such  method,  as  will 
give  a  fairly  close  approximation  to  the  actual  results. 
The  former  problem  is  easier  than  the  latter,  as  it 
simply  involves  a  multiplicity  of  measurements  on  a 
given  tjrpe  or  construction  of  machine,  until  a  reason- 
ably accurate  location  is  determined,  which  may  be 
applied  on  other  machines  of  the  same  type.  Uni- 
formity of  materials  and  construction  is  involved  in 
this. 

The  second  problem  is  difficult.  If  one  could  apply 
temperature  indicators  directly  to  the  copper  itself,  of 
course  the  actual  highest  copper  temperatures  could 
be  obtained  directly.  But  this  is  not  practicable  ex- 
cept under  what  may  be  called  laboratory  conditions. 
The  requisite  continuity  of  the  insulation  over  the 
^^wruxr  makes  difficult  any  measurement  directly  on 
3er  itself.    We  Yiave,  tVierefore,  adopted  cer- 


tain  approximate  methods,  which  have  proved  fairly 
satisfactory,  but  which  must  be  used  with  judgment, 
if  a  reasonably  accurate  approximation  is  to  be  ob- 
tained. The  results  are  dependent  upon  the  method 
of  application,  the  type  of  ventilation  used,  and  various 
other  considerations. 

The  method  now  used  most  extensively  depends  up- 
on the  placing  of  the  temperature  indicator  between 
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upper  and  lower  coils  in  the  same  slot,  and,  therefore, 
ia  predicated  upon  the  two-coila-per-slot  arrangement, 
which,  however,  ia  now  the  common  practise  in  this 
country.  The  theory  of  the  method  is  based  upon 
the  principles  of  heat  flow  from  the  two  coils. 

Let  Fig.  17  illustrate  the  usual  two-coils-per-slot 
arrangement.  The  arrows  shown  indicate  the  gen- 
eral paths  of  heat  flow  from  the  two  coils.  Assuming 
the  copper  temperatures  of  the  two  coils  as  equal,  and 
the  width  of  the  coils  to  be  considerable,  then  at  the 
mid-point  a  between  the  upper  and  lower  coils  the 
temperature  should  be  practically  midway  between 
the  upper  and  lower  copper  temperatures,  and  an  in- 
dicator at  this  point  should  show  about  the  same 
temperatures  as  the'copper.  This  is  not  exactly 
true,  for  there  is  some  heat  flow  along  the  insulation 
from  the  midpoint  a,  so  that  this  point  will  probably 
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be  slightly  lower  than  the  true  mid-temperature  be- 
tween the  coils. 

A   point  6  between  the  coils,  but  at  the  comer  next 
the  iron,  should  have  a  temperature  very  nearly  equal 


to  that  of  the  iron  itself.  Its  temperature  should 
thus  be  very  much  lower  than  that  of  a.  Between  6 
and  a  there  should  be  intermediate  temperatures,  de- 
pending upon  the  distance  from  the  center  point  o. 

It  should  be  obvious,  therefore,  that  a  temperature 
-indicator  covering  practically  the  full  width  of  the  slot. 


Fia.  20 


wilt  show  some  average  value  between  b  and  a.  There- 
fore, for  greatest  accuracy  the  indicator  should  be  as 
narrow  as  possible,  and  be  placed  at  a. 

Another  consideration  involves  the  method  of  ap- 
plying the  usual  slot  cells.  In  common  practise  the 
turbo-armature  coils  are  "pushed  home"  in  hard  fibre 
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cells  placed  next  to  the  iron.  This  serves  as  a  protec- 
tion for  the  insulation  proper,  in  putting  the  coil  in 
place,  and  also  makes  a  tighter  lit  in  the  slot.  There 
are  two  general  methods  of  applying  these  cells.  In 
one,  the  cell  is  placed  over  the  lower  coil,  and  then 
folded  over  its  upper  side,  either  diuing  manufacture 
of  the  coil,  or  before  the  upper  coil,  with  a  correspond- 
ing cell,  is  put  in  place.  This  is  shown  in  Fig.  18. 
In  the  second  arrangement,  the  two  coils  are  set  in  a 
single  cell,  which  is  then  folded  over  the  top  one,  as 
shown  in  Fig.  19. 

It  will  be  noted  that  with  the  two-cell  arrangement, 
there  are  three  places  to  put  the  temperature  indicator, 
—(1)  below  the  upper  coil  and  inside  the  cell, — (2) 
above  the  lower  coil,  but  inside  the  cell,  and  (3)  be- 
tween the  upper  and  lower  cells.  On  position  (1)  the 
indicator  will  tend  to  show  more  nearly  the  tempera- 
ture of  the  upper  coil,  while  in  (2)  it  tends  to  indicate 
more  nearly  the  lower  coil  temperature.  When  placed 
in  position  (3)  it  should  be  intermediate  between  (1) 
and  (2),  provided  this  position  is  thoroughly  shielded 
from  external  influences,  which  is  not  always  the  case, 
as  will  be  explained  further  on. 

In  the  single  cell  arrangement,  there  is  but  one  loca- 
tion for  the  indicator  between  the  coils,  unless,  as  is 
found  in  some  constructions,  a  separating  or  spacing 
strip  of  appreciable  thickness  is  placed  between  the 
upper  and  lower  coils.  In  such  case,  if  placed  above 
the  strip,  the  indicator  should  show  more  nearly  the 
upper  copper  temperature.  Obviously,  with  this 
single  cell,  the  indicator  is  well  shielded  from  external 
influences,  such  as  the  ventilating  air,  that  might 
come  in  contact  with  the  measiuing  device  at  the 
radial  air  ducts. 

Considering  next,  the  application  of  such  indicators 
to  the  axial  and  the  radial  tjrpes  of  stators,  it  will  be 
noted  that  if  the  indicator  be  located  in  the  axially 
ventilated  portion  of  the  core,  as  indicated  in  Fig.  20, 
at  point  a,  for  instance,  there  is  no  chance  for  the 
ventilating  air  to  come  in  contact  with  the  indicator, 
regardless  of  whether  the  single  or  double  slot  coil  ar- 
rangement is  used.    In  other  words,  the  indicator  is 
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naturally  well  protected.  However,  if  placed  in  the 
central  radially  ventilated  section  or  zone,  the  condi- 
tions may  be  quite  different,  but  not  necessarily  so, 
depending  upon  the  construction  and  application  of 
the  indicator,  etc.  Here  the  coils  are  partly  embedded 
in  iron  and  lie  partly  in  the  radial  ventilating  ducts. 
The  indicated  result  will  depend  upon  whether  the 
measurement  is  taken  at  a  or  6,  for  instance,  in  Fig.  21. 
This  difference,  however,  may  be  quite  small  if  the  de- 
tector is  thoroughly  shielded  from  the  ventilating  air 
in  the  duct.  It  may  be  suggested  that,  as  the  coils 
are  ventilated  in  the  duct,  the  indicator  should  be 
ventilated  also.  But  we  are  not  after  the  tempera- 
ture of  the  outside  or  exposed  surface  of  the  insulation. 
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but  are  attempting  to  approximate  the  internal  copper 
temperatures.  The  indicator  should  thus  he  as  well 
shielded,  if  possible,  as  the  copper  inside  the  coils.  The 
single  slot  cell  arrangement  thus  appears  to  be  more 
accurate  than  the  double  cell,  with  the  indicator  out- 
side the  cells,  when  the  indicator  is  placed  close  to, 
or  bridges  one  or  more  ventilating  ducts.  Thus,  in 
the  axially  ventilated  type  of  stator,  the  ventilating 
device  should  not  be  used  in  the  central  radially  ven- 
tilated zone,  unless  unusual  precautions  are  taken  to 
avoid  the  discrepancies  which  are  liable  to  result. 
The  same  may  be  said  of  the  radially  ventilated  stator 
as  a  whole. 

It  should  be  evident,  from  the  above,  that  a  certain 
amount  of  judgment  and  skill  is  necessary  to  obtain 
the  closest  possible  approach  to  the  true  copper  tem- 
peratures.   Furthermore,  the  problem  is  complicated 
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by  the  fact  that  the  upper  coil  in  the  slot  is  liable  to 
be  hotter  than  the  lower  one,  due  to  higher  eddies  in 
the  upper  copper.  At  best,  therefore,  the  method  as  a 
whole  is  only  an  approximation,  but  it  gives  so  much 
closer  to  the  correct  result  that  any  of  the  measuring 
methods  in  use  only  a  few  years  ago,  that  it  marks  a 
decided  step  in  advance  in  generator  temperature 
measurements. 

As  far  as  temperatures  in  the  stator  are  concerned, 
they  are  not  of  serious  importance  except  as  they  have 
an  influence  on  the  copper  and  insulation  temperatures, 
and  even  the  copper  temperature,  in  itself,  is  of  im- 
portance only  as  it  affects  the  insulation.  In  fact,  it  is 
solely  the  insulation  durability  which  we  are  after,  in 
the  last  analysis.  The  improvement,  and  refinements 
in  design,  betterments  in  the  grade  of  insulation,  inno- 
vations in  ventilation,  etc.,  all  are  directed  to  the  one 
end,  not  the  temperature  itself,  but  the  factor  of 
safety  of  the  insulating  materials. 
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Discussion  on  "Ventilation  and  Temperature 
Problems  in  Large  Turbo-Generators" 
(Lamme),  White  Sulphur,  W.  Va.,  June  30,  1920. 

R.  B.  Williamson:  On  page  936,  Mr.  Lamme 
calls  attention  to  a  point  In  connection  with  large 
turbo  generators  that  I  think  has  not  heretofore 
been  brought  out  very  forcibly;  namely,  the  necessity 
of  very  thorough  insulation  of  the  laminations.  This 
is  a  point  that  is  important  in  all  alternators  but 
specially  so  in  turbo  generators. 

Consider  one  section  of  the  stator  core.  Each 
lamination  is  dovetailed  into  the  stator  frame  and  on 
each  side  of  the  section  we  have  a  ventilating  spacer 
in  the  form  of  brass  castings,  or  in  the  shape  of  steel 
strips  welded  to  the  laminations  forming  the  ventila- 
ting duct  walls.  In  a  turbo-generator  with  a  deep 
core  behind  the  teeth  and  a  relatively  large  flux  in 
this  part,  there  is  considerable  voltage  between  the 
two  sides  of  a  given  core  section.  This  may  be  of 
the  order  of  6  to  10  volts,  and  the  vent  spaces  together 
with  the  yoke  casting  form  a  single-turn  secondary 
in  which  the  only  thing  that  prevents  current  flowing 
is  the  varnish  or  other  insulation  between  laminations. 

With  low-speed  generators,  such  as  water-wheel 
or  engine-type  machines,  the  core  depths  back  of  the 
teeth  is  small.  Consequently  the  voltage  between 
the  two  sides  of  a  core  section  is  proportionally  smaller 
and  there  is  not  so  much  danger  of  circulating  current 
as  in  turbo  generators. 

I  recall  one  case  of  a  turbo  generator,  where  the 
insulating  varnish  broke  down,  and  the  current 
flowing  across  the  laminations  was  such  that  it  was 
possible  by  running  up  the  magnetization  to  make 
some  of  the  teeth  red  hot.  If,  therefore,  great  care 
is  not  taken  in  varnishing  laminations  andf  stacking 
the  core,  it  is  possible  to  lose  all  the  advantage,  so 
far  as  core  loss  is  concerned,  that  may  be  gained  by 
a  careful  selection  of  iron  and  in  addition  there  will 
be  the  danger  of  local  hot  spots. 

As  Mr.  Lamme  points  out,  in  some  cases  it  is  cus- 
tomary to  put  a  thick  layer  of  paper  in  the  center  of 
each  core  section,  this  breaks  up  the  circuit  between 
the  two  sides  of  the  core  section,  and  at  the  same  time 
does  not  prevent  the  flow  of  heat  towards  the  ducts 
on  each  side.  In  order  to  get  the  laminations  in  the 
best  condition,  it  is  desirable  to  anneal  them,  not  so 
much  to  reduce  the  loss,  but  to  remove  the  bxirrs,  oil, 
etc.,  and  leave  the  surface  of  the  steel  in  good  condi- 
tion to  receive  the  coating  of  insulating  varnish. 
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W.  J.  Foster:  Mr.  Lamme  states  that  the  maxi- 
miim  flow  of  ah*  is  something  like  80,000  to  100,000 
cu.  ft.  per  minute  in  a  30,000-kw.  unit,  which  stated 
in  terms  we  can  understand,  amounts  to  the  weight 
of  the  generator  itself  passing  through  it  every  40 
to  60  minutes. 

Recently  we  sent  out  a  questionnaire  to  the  engineers 
of  different  air  conditioning  companies  with  regard  to 
the  quantity  of  dirt  that  is  to  be  found  in  the  neighbor- 
hood of  a  modem  steam  turbine  power  house.  The 
replies  lead  us  to  make  this  statement — ^that  at  the 
average  power  house,  the  quantity  of  dirt  and  im- 
purities of  all  kinds  is  one  hundred  thousand  millionths 
of  the  air  itself.  That  is  a  pretty  small  fraction  when 
you  write  it  out  in  decimals,  but  when  you  multiply 
the  quantity  of  air,  it  gives  this  answer — ^that  every 
day  where  you  pass  80,000  cubic  feet  of  air  through, 
you  pass  one  and  one  quarter  cu.  ft.  of  dirt. 

This  dirt,  fortunately,  most  of  it  passes  right  through, 
but  if  there  is  oily  vapor  or  extreme  moisture,  or  if 
the  impurity  itself  is  of  the  nature  of  carbon  dust, 
which  is  apt  to  appear  more  than  other  forms  of  im- 
purities, it  is  not  long  until  the  passageways  are 
somewhat  clogged  up,  and  the  surfaces  are  put  in 
such  condition  that  external  fires  that  we  are  hearing 
so  much  about  nowadays  may  start. 

Mr.  Lamme  does  not  bring  in  one  form  of  radial 
ventilation.  On  pages  959  and  960  of  my  paper  you 
will  find  a  modification  of  the  radial  ventilation  which 
results  in  equalizing  the  temperature  throughout  the 
length  of  the  machine. 
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TEMPERATURES  IN   LARGE  ALTERNATING- 

CURRENT  GENERATORS 


BY  W.  J.  FOSTER 

Engineering  Dept.,  General  Electric  Co..  Schenectady,  N.  Y. 


WHAT  shall  be  considered  a  large  generator — 
5000,  10,000,  15,000  or  20,000  kv-a?  Shall 
it  be  the  rating  alone  that  is  considered  or 
shall  we  take  such  factors  as  speed  into  account? 

Undoubtedly,  a  large  proportion  of  the  general 
public  thinks  of  a  large  machine  as  one  that  occupies 
a  large  space  compared  with  other  machines  used  for 
the  same  purpose.  They  judge  the  largeness  by  phys- 
ical dimensions  alone.  At  the  same  time,  it  is  safe 
to  say  the  more  intelligent  of  the  general  public  think 
of  size  in  terms  of  the  work  that  can  be  done.  Prob- 
ably a  machine  of.  10,000  kw.  or  higher,  is  regarded 
by  them  as  a  large  machine.  To  the  engineer,  large- 
ness involves  the  difficulties  inherent  in  the  design 
and  construction.  A  1000-kv-a.,  10,000-cycle  alterna- 
tor is  a  large  one;  a  5000-kv-a.  generator  at  3600  revo- 
lutions per  minute  is  large.  Considered  strictly  with 
reference  to  the  temperature  problem,  the  engineer 
would  hardly  consider  a  20,000-kv-a.  generator  a  large 
one  if  the  periodicity  and  potential  were  those  in 
regular  use  in  commercial  work,  and  the  speed  100 
revolutions  per  minute,  or  thereabouts.  However, 
for  the  purpose  of  this  article  we  will  consider  20,000 
kv-a.  as  a  large  generator. 

There  are  two  principal  factors  in  the  temperature 
problem  in  every  case;  first,  the  total  losses,  or  the 
amount  of  heat  energy  to  be  disposed  of  and  its  con- 
centration, and,  second,  the  means  that  can  be  pro- 
vided for  dissipating  the  heat  in  such  manner  as  not 
to  cause  damage  to  any  part  of  the  machine.  The 
problem  may  be  attacked  along  the  lines  of  reduction 
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of  losses  or  of  devising  such  constructions  that  the 
heat  may  be  more  effectively  dissipated. 

In  a  rotating  dynamo  electric  machine  three  sources 
of  heat  are  always  involved;  first,  hysteretic  losses 
in  the  magnetic  material;  second,  the  resistance  to 
flow  of  current  losses  in  windings,  and,  third,  the 
frictional  losses  in  the  bearings  and  of  the  windage. 
The  first  two  are  electrical  in  their  nature;  the  last 
is  mechanical. 

Combined  with  hysteresis  losses  in  the  magnetic 
material  are  more  or  less  eddy  current  losses.  The 
total  losses  in  the  magnetic  material  are  dependent 
upon  such  factors  as  the  degree  of  lamination  employed, 
the  character  of  the  insulation  between  laminations, 
the  amount  of  pressure  employed  in  clamping  up  the 
cores,  as  well  as  the  character  of  the  steel  employed. 
In  like  manner,  the  resistance  losses  in  the  copper  are 
frequently  accompanied  by  eddy  current  losses,  the 
amount  of  which  is  dependent  upon  such  factors  as  the 
stranding  of  the  conductor,  the  pitch  of  the  winding 
and  the  arrangement  of  the  turns.  The  windage 
losses,  or  the  losses  that  result  fl-om  either  the  fan 
action  of  rotating  parts  or  from  the  disk  action  or 
rubbing  of  a  revolving  body  on  the  surrounding  air, 
are  dependent  upon  the  peripheral  speed  and  the 
details  of  design  of  the  parts  that  are  producing  fan 
action. 

In  considering  the  temperature  problem,  the  first 
and  most  fimdamental  consideration  is  the  relation 
of  the  space  occupied  by  the  object,  to  the  total  heat 
losses  to  be  dissipated.  A  20,000-kv-a.  100-rev.  per 
min.  machine  compared  with  one  of  same  output  at 
1800  rev.  per  min.,  has  its  losses  generated  in  a  space 
eight  times  as  great  in  terms  of  cubical  space  occupied, 
or  approximately  two  times  in  the  projected  area 
occupied.  We  may  well  think  of  the  temperature 
problem  in  terms  of  heat  losses  to  space  occupied. 
Below  a  certain  value  of  this  constant  it  is  absurd  to 
use  ventilation  housings,  no  matter  how  great  the 
rating  of  the  machine,  as  such  housings  have  the 
tt  of  preventing  the  natural  means  of  heat  dissipa- 
riz..  convection  and  radiation,  and    ventilation 
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housings  in  such  cases  result  in  higher  temperatures, 
unless  forced  draft  is  provided,  which  results  in  a 
decrease  in  the  efficiency  of  the  unit  and  can  be  justified 
only  on  the  score  of  reduction  of  noises,  or  some  similar 
reason. 

Second  in  importance  to  the  space  factor  comes  the 
heat  density  factor.  By  this  we  mean  the  quantity 
of  heat  energy  passing  through  a  unit  area  of  material. 

The  third  factor  is  the  thermal  conductivity  of  the 
various  materials, — a  factor  which  depends  not  only 
upon  the  thermal  properties  per  se  of  the  materials 
but  also  upon  the  manner  in  which  the  materials  are 
put  together. 

Classification  of  MAcraNEs  With  Respect  to 

Ventilation 

Attempts  have  been  made  at  standardization  of 
the  various  classes,  but  I  think  it  safe  to  say  nothing 
yet  has  been  suggested  that  appeals  to  engineers  in 
general  as  entirely  satisfactory.  Possibly  it  is  desirable 
to  have  a  large  number  of  classes  of  machines  to  fill 
in  the  gap  between  the  extremes  of  the  lowest  speed 
small  capacity  machine  that  requires  no  special  pro- 
vision and  may  be  said  to  depend  upon  natural  venti- 
lation alone,  and  the  highest  speed  machine  that 
requires  the  most  careful  artificial  ventilation.  It  i^ 
difficult  to  classify  the  types  that  have  already  been 
developed  to  fill  in  this  gap  as  they  blend  into  one 
another. 

The  points  to  be  kept  in  mind  in  the  design  and 
construction  of  machines  in  general,  not  particularly 
those  standing  at  the  extreme  ends,  as  outlined  above, 
are;  first,  obtaining  supply  of  cooling  air  from  a  region 
well  removed  from  the  region  into  which  the  outlet 
air  is  dumped ;  second,  the  placing  of  barriers  or  bafflers 
tot  assist  the  flow  of  air  and  to  prevent  re-circulation; 
third,  the  providing  of  ample  cross  section  in  all  parts 
of  the  paths  of  flow  of  cooling  air  and  the  avoidance 
of  sharp  contrasts  in  the  cross-sectional  area  of  the 
paths,  especially  the  avoidance  at  any  point  of  greatly 
reduced  cross  section  that  would  introduce  great 
resistance;  fourth,  the  avoidance  of  "churning  of  air," 
or  internal  circulatlpns,  which  are  often  hard  to  pre- 
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vent  by  reason  of  the  irregular  shapes  of  the  different 
parts  of  the  machine. 

Closed  and  Semi-Closed  Ventilated  Machines 

In  almost  all  large  generators — whether  hydraulic 
or  steam  turbine,  it  is  necessary  to  pipe  air  either  to 
the  machine  or  away  from  it,  or  both  to  and  away  from. 
Probably  the  most  common  practise  is  to  pipe  air  to 
the  machine,  allowing  it  to  escape  through  the  stator 
frame  into  the  dynamo  room, — the  escape  often  ar- 
ranged so  as  to  be  upwards,  which  is  preferable  on 
account  of  the  greater  comfort  to  the  operators,  the 
reduction  in  noise  and  the  slight  reduction  in  tempera- 
ture obtained  by  the  lower  temperature  of  the  air 
immediately  around  the  machine. 

The  author  wishes  to  call  attention  to  certain 
advantages  that  would  result  in  reversing  the  common 
practise  of  the  present  time,  in  the  ventilation  of  large 
generators  in  hydraulic  units,  and  to  take  the  air  in 
directly  from  the  room  and  pipe  it  away  either  to  some 
point  in  the  building  removed  from  the  machine  or 
to  out  of  doors.  The  advantages  of  this  arrangement 
have  already  appealed  strongly  to  the  operators  of 
some  of  the  largest  hydraulic  generators,  and  such  a 
system  is  now  in  use  in  a  few  plants.  It  is  a  much 
simpler  matter  to  draw  air  into  the  rotor  direct  from 
the  room  at  the  two  ends  of  the  generator  than  to  pro- 
vide the  necessary  space  for  the  air  conduits  and  the 
housings  required  either  at  the  one  end  or  the  two  ends, 
which  almost  invariably  involve  greater  distance 
between  bearings  and,  consequently,  an  increase  in 
both  the  diameter  and  length  of  the  shaft  and  corres- 
ponding parts.  A  great  advantage  of  the  scheme  of 
piping  air  away  is  the  more  comfortable  temperature 
of  the  dynamo  room  in  hot  weather.  It  is  never 
necessary  to  be  in  an  atmosphere  of  higher  tempera- 
ture than  that  existing  out  of  doors,  whereas,  in  case 
of  tKe  more  common  practise,  the  air  surrounding  the 
machine  has  its  temperature  raised  several  degrees 
above  that  of  out  of  doors,  due  to  the  heat  that  has 
been  added  to  it  by  passing  through  the  machine. 
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Water  Cooling 
Water  is  an  ideal  agent  for  cooling  purposes.  At 
first  thought  it  seems  strange  that  it  has  not  been  made 
greater  use  of  in  removing  heat  from  large  machines. 
A  small  quantity  of  water,  on  account  of  its  specific 
capacity,  would  suffice  to  remove  heat  from  a  large 
but  the  difficulty  is  in  arranging  jackets 
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that  would  prove  safe  and  could  be  located  in  close 
enough  proximity  to  the  parts  in  which  the  losses  are 
generate  to  remove  such  losses  without  a  considerable 
drop  in  temperature  through  the  intervening  walls  of 
material.  It  is  apparent  at  once  that  water-cooling 
is  much  better  adapted  to  the  stationary  than  to  the 
revolving  parts.  While  it  is  possible  to  arrange  for 
a  flow  of  water  through  the  revolving  parts,  it  is  prob- 
ably not  possible  to  so  arrange  the  flow  of  water  as  to 
cool  the  surfaces  where  the  most  of  the  heat  is 
generated.  Hence,  a  system  of  water-cooling  would 
be  dependent  upon  the  joint  action  of  air-cooling  and 
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would  require  a  design  that  would  re-circulate  the  air 
surrounding  the  rotor,  in  such  manner  as  to  most 
effectively  carry  the  heat  from  the  surfaces  of  the  rotor 
to  the  surfaces  of  the  water  piping  in  the  stator. 
Another  objection  is  the  danger  of  injuring  a  machine  in 
case  the  water  circulating  system  becomes  leaky. 
Still  another  is  the  danger  of  too  great  an  accumulation 
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of  dampness,  due  to  condensation  at  certain  times,  of 
the  moisture  in  the  air  on  the  water-cooled  parts.  It 
is  doubtful  whether  water-cooling  can  ever  be  a  com- 
petitor of  air-cooling  in  dynamo  electric  machines. 
Peripheral  Speed  of  Rotor 
It  is  possible  that  the  advantage  electrically  of 
higher  peripheral  speed  in  almost  all  designs  of  large 
generators,  is  not  fully  appreciated  by  many  designers 
themselves.  The  losses  in  both  the  iron  and  the  copper 
are  almost  universally  less  at  the  higher  peripheral 
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speeds  in  any  practical  problem.  Assuming  the  same 
characteristics  electrically  in  all  respects,  such  as 
saturation  curve,  armature  reaction  per  unit  pitch, 
etc.,  the  losses  in  the  armature  teeth  are  less  at  the 
higher  peripheral  speed.  They  are  exactly  inversely 
as  the  peripheral  speed,  while  the  core  losses  proper 
remain  practically  constant.  Copper  losses  in  both 
armature  and  field  are  less  at  the  higher  peripheral 
speed,  unless  the  speed  is  carried  to  an  absurd  limit. 
The  windage  losses  will  be  increased.  Hence,  con- 
sidered electrically,  the  most  efficient  design  will  be 
that  where  the  windage  losses  begin  to  increase  so 
rapidly  as  to  offset  the  combined  reduced  losses  of 
core  and  windings.  For  the  purpose  of  illustration, 
I  have  worked  out  a  20,000-kv-a.  60-cycle,  360-rev. 
per  min.,  three-phase,  11,000-volt  generator  at  per- 
ipheral speeds  varying  from  6000  to  18,000  feet  per 
minute — see  Fig.  1. 

For  the  purpose  of  illustrating  the  variation  in  the 
segregated  losses,  as  affected  by  different  rotative 
speeds,  I  have  added  curves — see  Fig.  2,  showing  such 
losses  for  20,000-kv-a.  generators  throughout  the  range 
100  to  600  revolutions  per  minute.  It  should  be  under- 
stood that  these  generators  are  designed  with  identical 
electrical  characteristics  and  have  the  same  tempera- 
ture rises,  viz.,  those  corresponding  to  the  A.  I.  E.  E. 
Standard  for  Class  "A"  insulation.  They  are  what 
the  author  considers  normal  in  design  for  the  output 
at  the  several  speeds. 

The  100-rev.  per  min.  generator  has  a  peripheral 
velocity  of  about  7500  feet  per  minute,  the  600-rev. 
per  min.,  of  15,000  feet  per  minute.  The  first  has  its 
losses  generated  in  a  space  of  approximately  2200  cubic 
feet,  the  last  in  approximately  550  cubic  feet.  The 
total  losses  of  the  first  are  620  kw.,  or  270  watts  per 
cubic  foot  of  space  occupied;  of  the  last,  495  kw.,  or 
900  watts  per  cubic  foot  of  space  occupied.  Hence,  the 
ventilation  problem  is  quite  different  in  the  two  cases. 
The  first  might  be  of  the  open  tjrpe,  drawing  its  ventila- 
ting air  in  from  the  room  and  returning  it  dh-ectly  into 
the  room;  the  last  must  be  enclosed, — preferably 
totally  enclosed. 
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Ventilation  Ducts  *in  Armature  Cores 

The  common  practise  for  ventilating  armatures 
is  to  provide  at  short  intervals  in  the  laminated  core, 
a  narrow  passage, — usually  %  in.  or  J/^  in.,  for  the  air 
to  be  driven  through  radially  by  the  fan  action  of  the 
rotor,  or  in  special  cases  by  an  external  fan.  The 
flow  of  air  is  in  any  special  case  dependent  upon  the 
details  of  construction,  such  as  the  character  of  the 
space  blocks,  how  located  with  respect  to  the  coils  in 
the  slot:  the  niceties  introduced  at  the  entrance  from 
the  airgap  in  the  way  of  treatment  of  retaining  wedges 
of  the  windings,  the  exact  location  of  the  end  of  the 
spacers,  etc. 

Good  results  are  usually  obtained  by  having  a 
ventilating  duct  about  every  two  inches, — the  most 
efficient  spacing  being  dependent  upon  such  factors 
as  the  radial  depth  of  the  core,  length  of  core,  and  the 
pressure  of  the  cooling  air.  In  long  cores  the  spacing 
may  be  graded  and  the  sections  of  core  at  middle 
made  smaller  than  at  the  ends.  This  for  two  reasons, — 
first,  some  of  the  heat  at  the  ends  travels  to  the  head 
of  the  core  where  the  cooling  conditions  are  usually 
good  and,  second,  the  ventilating  air  gathers  up  heat 
as  it  passes  in  from  the  head  towards  the  middle  and, 
hence,  is  not  as  good  a  cooling  medium  when  it  enters 
the  ventilation  duct  as  the  air  in  the  ducts  nearer  the 
head.  When  fans  are  mounted  at  the  two  heads  of 
rotor,  and  end  housings  placed  on  the  stator  so  as  to 
establish  a  good  air  pressure,  the  pressure  in  the 
ventilating  ducts  increases  from  the  head  to  the 
middle — hence,  the  quantity  of  air  passing  through 
is  greatest  in  the  duct  at  middle,  decreasing  toward 
the  heads.  The  curve  in  Fig.  3,  entitled  "Velocity 
of  Air  at  Entrance  to  Air  Duct,"  was  plotted  from  air 
pressure  readings  made  on  a  large  turbo-generator 
with  equally  spaced  ventilating  ducts.  The  other 
curves  were  determined  from  consideration  of  the 
heat  dissipation  problem.  In  like  manner.  Fig.  4 
shows  curves  for  a  later  turbo-generator  with  stator 
core  sectionalized  in  such  manner  as  to  equalize  tem- 
peratures throughout  the  length  of  core. 
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Giving  Direction  to  Cooung  Air 
It  is  quite  wonderful  what  improvements  are  some- 
times   accomplished    in    cooling    machines    by    very 
simple    expedients.     It    is    sometimes    advisable    to 
arrange  a  machine  so  that  it  is  obliged  to  take  all  of 
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the  cooling  air  in  at  one  end  and  put  it  out  at  the 
other.  This,  as  a  rule,  is  especially  helpful  to  the 
rotor. 

But,  in  general,  machines  arranged  with  a  radial 
system  of  air  ducta  through  the  core,  should  draw 
the  air  in  equally  from  both  ends.  Often  a  machine 
that,  seems  on  a  casual  glance  to  be  symmetrical  as 
to  the  two  ends,  proves  a  surprise  in  taking  practically 
all  its  air  from  one  end.  In  such  case  little,  if  any, 
air  passes  outward  through  the  radial  air  vents, — in 
fact,  sometimes  the  air  will  pass  inwards  in  some  of 
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the  vents.  The  remedy  is  usually  very  simple, — any 
little  barrier  interposed  in  the  path  of  the  axial  flow 
will  restore  the  desired  circulation  and  often  reduce 
the  temperature  several  degrees. 

The  poles  themaalves  act  as  the  fan  blades  on  the 
rotors  of  many  salient  pole  generators,  and  |no  ]fans 
or  fins  for  additional  fan  effect  are  required.     It  may 
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not  be  generally  known  that  even  in  cases  where 

carefully  designed  fans  similar  to  those  used  in  large 

cylindrical  rotor  turbo  generators  are  employed,  the 

poles   themselves  contribute    more    to     the  blower 

action  than  the  fans.    The  problem  of  ventilation  in 

such  machines  is  more  complicated  than  in  cylindrical 

rotor   machines,    where  the   blower  action   is  more 

largely  due  to  fans  designed  for  the  purpose. 

Heat  Fu)w 

The  most  efficient  ventilation  of  a  large  electric 

generator  requires  circulation  ol  ftx&  cftcAm^  air  in 
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such  manner  as  to  bring  it  in  contact  with  large  sur- 
faces of  the  solid  materials  in  which  heat  is  being 
generated  and  close  to  the  sources  of  the  heat  genera- 
tion. 

The  heat  resistance  of  the  various  materials  entering 
into  the  construction,  such  as  copper,  the  magnetic 
steels,  and  the  various  insulating  materials,  is  quite 
well-known. 

An  analysis  of  heat  flow  in  a  30,000-kvra.  generator 
from  the  inside  of  armature  coil  at  middle  point  of 
core  to  the  ambient  cooling  air  is  given  in  the  following 
table  for  four  designs: 

(1)  4000-volt  mica  insulated  coils  to  withstand  A.  I.  E.  E. 
high  potential  tests; 

(2  )  11,000-volt  mica  insulated  coils  to  withstand  A.  I.  E.  E. 
high  potential  tests; 

(3)  11,000-volt  mica  insulated  coils  with  copper  density 
same  as  in  4000-volt  design; 

(4)  11,000-volt  mica  insulated  coils  to  withstand  high  po- 
tential test  of  three  times  normal,  instead  of  two  times,  plus 
1000  volts  (A.  I.  E.  E.  Standard)  with  coils  of  same  external 
dimensions  as  those  of  (2),  so  as  to  be  assembled  in  same  slots. 

12  3  4 

Drop  through  insulation. . .    21  deg.    30  deg.  48  deg.  67  deg. 

«       core 6  4  6  5 

"    at  surface 16  11  16  14 

"    in  cooling  air 15  15  15  15 

Total  drop 58  60  85  101 

Heat  Storage 

Heat  storage  must  be  reckoned  with  when  ratings 
for  intermittent  loads  are  to  be  given  to  a  generator, 
but  when  continuous  load  service  is  under  considera- 
tion, as  in  nearly  all  large  commercial  generators,  the 
heat  capacity  properties  are  chiefly  of  scientific  in- 
terest, except  when  the  duration  of  heat  runs  in 
acceptance  tests  is  under  consideration.  Fig.  5  shows 
curves  of  time  required  to  reach  constant  tempera- 
ture, in  the  case  of  an  18,750-kv-a.  turbo  generator  at 
overload  corresponding  to  about  20,000-kv-a.  which 
may  be  taken  as  typical  of  the  modem  large  cylindrical 
rotor  generator.  This  set  of  curves  represents  three 
runs  under  widely  different  conditions.  The  curves 
Rise  in  Field   Winding"   and   "Rise  in  Armature 
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Winding"  were  determined  in  the  same  run.  The 
curve  "Unexcited"  shows  the  rate  of  temperature 
rise  when  the  heat  is  generated  by  the  windage  alone, 
as  measured  by  the  detector  embedded  in  armature 
slots.  The  curve  "Excited  to  Normal  Volts"  shows 
the  rate  of  rise  measured  in  same  manner,  when  the 
heat  is  that  of  core  losses  on  open  circuit  in  addition 
to  the  windage.     Fig.  6  gives  curves  of  temperature 


■— ■ 

"^ 

^ 

u 

J 

^ 

/ 

/ 

1 

^ 

-i 

tsT 

irt 

'. 

^ 

// 

// 

/ 

// 

■^ 

dUd 

rm» 

■ 

f^ 

' 

Uwxcit 

^ 

0 

0 

S 

0 

1 

5 

2 

0 

2 

5 

3 

0 

3 

TIME-HOURS 

Pla.  5 

rise  in  a  single  run  on  a  salient  pole  generator.  Com- 
paring the  two  sets  of  curves,  it  is  interesting  to  note 
the  quicker  rise  in  the  field  winding  of  the  salient  pole 
machine,  where  nearly  all  the  heat  passes  directly  into 
the  cooling  air  from  the  surface  of  the  bare  copper, 
over  that  of  the  cylindrical  rotor  machine  where  the 
field  winding  of  each  pole  consists  of  several  coils 
embedded  in  slots  in  the  magnetic  material. 
High  vs.  Low  Temperature  Generators 
Undoubtedly  any  machine,  electric  generator  or 
strictly  mechanical  machine,  such  as  steam  turbine, 
would  be  better  off  if  it  could  always  maintain  the  same 
temperature  in  all  its  parts.  Change  of  temperature 
beyond  certain  limits  repeated  often  enough,  results 
in  deterioration  in  most  electric  generators.  This  is 
due  primarily  to  an  effect  of  heat  that  is  mechanical 
\jv  its  nature,  viz.,  a  change  in  size.    Much  caii  b?  done 
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to  minimize  the  deleterious  effects  of  change  in  size 
of  the  various  parts,  by  introducing  constructions  in 
detail  parts  that  automatically  adjust  for  changing 
size.  But  it  is  extremely  difficult  in  certain  parts  to 
protect  materials  of  quite  frail  mechanical  nature,  like 
many  insulations,  from  the  effects  of  change  in  com- 
pression or  what  is  more  serious,  slight  movements 
of  different  degree  in  different  places.     Looked  at  in 
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this  way,  it  is  desirable  to  have  a  generator  of  low 
temperature  rise.  But  it  is  not  always  convenient  or 
possible  to  build  low  temperature  generators  if  machines 
are  to  be  produced  equal  in  capacity  to  prime  movers. 
Furthermore,  high  temperature  machines  are  justified 
in  cases  where  increased  efficiency  or  lower  cost  will 
more  than  offset  the  shorter  life. 

With  reference  to  relative  efficiency  and  cost,  it 
is  quite  apparent  that  the  high  temperature  machine 
has  the  advantage  in  the  case  of  a  generator  whose 
insulations  are  suitable  for  the  higher  temperature, 
and  whose  efficiency  is  still  rising  with  increase  of  load, 
as  in  most  alternating-current  generators,  and  whose 
cost  is  only  slightly  increased  by  enlarging  the  shaft 
and  other  mechanical  parts  involved. 

It  may  be  laid  down,  as  a  rule,  that  the  high  tempera- 


964  TT.  /.  FOSTER  [June  29 

ture  machine  costs  less,  but  it  must  not  be  taken  for 
granted  that  its  efficiency  is  better.  In  fact,  most  of 
the  lower  speed  machines  of  low  temperature,  have 
better  efficiency  than  corresponding  machines  of  high 
temperature,  unless  the  designer  has  been  grossly 
careless  in  taking  care  of  the  ventilation. 

It  is  possible  to  design  most  machines  for  low 
temperature  rise  without  great  additional  cost,  and 
have  decidedly  better  efficiency.  This  condition  ob- 
tains especially  in  connection  with  large  salient-pole 
generators  of  low  speed  and  low  or  medium  potentials. 
As  a  rule,  machines  of  this  class,  designed  for  50  deg. 
cent,  rise,  permit  of  decided  increases  in  the  amount 
of  copper  in  both  armature  and  field,  without  any 
change  except  slightly  larger  slots  in  the  armature. 
In  addition,  a  higher  grade  of  magnetic  steel  than  that 
called  for  from  temperature  considerations,  may  be 
used.  Often  a  full  per  cent  in  efficiency  at  full  load 
may  be  gained  at  an  increase  in  cost  of  10  per  cent  to 
15  per  cent.  In  other  cases  as  much  as  ]4,  per  cent 
efficiency  can  be  gained.  The  resulting  generators 
may  have  only  35  deg.  cent,  or  40  deg.  cent,  rise  at 
rated  load. 

Possibly  the  author  is  on  dangerous  ground  in  dis- 
cussing the  advantages  of  generators  that  do  not 
conform  to  the  Standardization  Rules  of  the  A.  I.  E.  E. 
But  it  is  not  for  a  moment  his  intention  to  reflect  in 
the  slightest  on  the  standards  that  have  been  set,  but 
he  wishes  to  point  out  gains  to  the  user  to  be  had  by 
following  along  more  conservative  lines  in  certain 
cases.  Again,  he  realizes  the  possibility  of  trouble  to 
himself  and  his  ilk  from  urgent  requests  that  may  be 
in  store  from  buyers  of  generators,  when  generators  are 
under  consideration  that  cannot  economically  be 
built  for  temperatures  below  the  Standards  of  the 
A.  I.  E.  E.  in  the  high  and  low  temperature  classes. 
It  is  well  to  add  that  designing  certain  sizes  for  low 
temperatures,  where  only  slight  gain  or  no  gain  what- 
ever in  efficiency  results,  often  involves  hardship  and 
results  in  certain  risks  being  taken  that  are  wholly 
unjustified. 
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Discussion  on  'Temperature  in  Large  A-C.  Gen- 
erators" (Foster),  White  Sulphur,  W.  Va., 
June  30,  1920. 

F.  D.  Newbury:  I  would  like  to  ask  Mr.  Foster  if 
these  figures  have  been  checked  by  direct  measurement 
on  the  actual  generator,  and  by  direct  measurement, 
I  mean  the  measurement  of  the  copper  temperature 
by  embedded  detectors  located  within  the  insulations, 
and  therefore  in  contact  with  the  copper?  In  our  ex- 
perience and  as  brought  out  in  detail  in  the  paper  of 
Mr.  Fechheimer  and  myself,  we  have  found  it  imposs- 
ible to  arrive  at  any  knowlegde  of  the  true  copper  temp- 
erature except  by  such  direct  measurement. 

In  this  connection  I  would  like  to  point  out  in  con- 
nection with  Mr.  Foster's  statement  that  "heat  con- 
ductivity of  insulation  is  well-known",  that  that  may 
be  true  in  a  sense,  but  it  is  not  true  in  the  sense  that  we 
know  a  definite  value  that  can  be  applied  to  a  particu- 
lar armature  coil  for  a  particular  type  of  insulation. 

In  the  case  of  tests  made  in  the  laboratory  with 
built-up  samples  of  insulation,  supposedly  made  by  the 
same  process,  with  the  same  materials,  and  even  by 
the  same  workmen,  such  samples  will  give  results  as 
to  he^t  conductivity  that  vary  by  as  much  as  fifty  per 
cent  of  the  smaller  value.  We  know  average  values, 
but  we  do  not  know,  with  reasonable  accuracy,  the 
values  that  can  be  applied  to  a  particular  case.  So 
that  is  why  I  say  that  we  have  found  it  necessary  to 
measure  copper  temperatures  directly  by  thermo- 
couples in  contact  with  the  copper  in  order  to  draw 
conclusions  that  are  of  any  value. 

We  have  also  found  in  the  case  of  the  detector  method 
with  the  detectors  located  between  coils,  that  that 
method  is  subject  to  wider  variations,  and  in  some  in- 
stances is  really  less  reliable  than  the  resistance  method. 
Of  course,  these  new  methods  give  entirely  different  re- 
sults— one  gives  the  local  temperature,  the  other  gives 
the  average  temperature  of  the  complete  winding,  both 
inside  and  outside  the  core. 

I  would  like  to  ask  Mr.  Foster  if  in  a  machine  such 
as  the  one  for  which  he  has  given  us  the  temperature 
drop  X,  what  the  relative  rise  by  resistance  would  be, 
because  until  we  have  some  way  of  checking  the  prob- 
able error  of  the  figure  we  cannot  very  well  discuss  them. 

W.  I.  Slichter:  The  appearance  of  a  heating  unit 
which  had  been  running  for  a  year  or  so  at  tempera- 
tures of  500  deg.  regularly,  and  occasionally  tempera- 
tures of  600  deg.  cent,  and  which  consisted  of  ordinary 
resistance  wire  insulated  by  mica,  struck  me  as  so  good 
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that  I  wonder  whether  we  might  not  very  soon  expect 
to  increase  the  limit  which  we  are  now  discussing  of  185 
to  200  deg.  cent.,  for  our  mica  insulation. 

Philip  Torchio :  I  would  take  issue  with  Prof.  Slich- 
ter  about  suggesting  temperatures  like  185  degrees  for 
mica  insulation  in  turbo  generators.  I  would  go  back  to 
my  limit  of  100  degrees.  For  other  apparatus,  like  heat- 
ing units,  I  would  go  up  to  500  or  600  degrees,  or  any- 
thing the  Professor  wishes. 

I  would  like  to  make  just  a  brief  comment  on  the 
remark  of  Mr.  Newbury  on  the  heat  conductivity  of 
materials  varying  considerably,  as  much  as  fifty  per 
cent.,  and  also  the  statement  by  one  of  the  writers  that 
the  heat  conductivity  varied  considerably  with  and 
against  the  grain,  varying  as  much  as  from  one  to  3 . 5. 

I  have  had  somewhat  similar  difficulties  in  trying  to 
determine  the  heat  conductivity  of  concrete  due  to  the 
surface  drop  in  making  measurement.  Furthermore, 
with  windings  insulated  with  mica,  if  the  different 
layers  of  mica  are  not  perfectly  uniform,  they  create  air 
spaces  which  will  give  all  kinds  of  differences;  in  reality 
it  is  not  the  conductivity  of  the  material  that  varies  so 
much,  but  rather  the  physical  condition  of  the  layers, 
how  they  are  put  together,  and  also  the  differences  in 
the  measurements  in  determining  the  surface-  drop 
while  the  measurements  are  made. 

A.  S.  Loizeaux:  From  what  has  been  said  this 
morning  about  temperatures  in  large  turbo  generators, 
it  would  seem  that  high  temperature  itself  is  probably 
responsible  only  for  a  rather  small  part  of  the  failures, 
and  that  there  is  a  considerable  amount  of  experience 
of  very  recent  origin  that  goes  to  add  to  that  evidence. 
I  think  that  the  support  of  end  windings,  or  the  lack 
of  rigid  support,  is  probably  responsible  for  failures 
that  might  ordinarily  be  laid  to  the  door  of  high  tem- 
perature. A  very  small  movement,  gi»dually  resulting 
in  breaking  the  insulation,  is  responsible,  I  think,  for 
some  failures. 

The  difficulty  in  supporting  the  end  windings  is  a 
real  one.  I  have  found  cases  where  they  have  been  de- 
cidedly bent  due  to  a  heavy  short  circuit. 

Another  thing  mentioned  in  the  discussion  of  fires 
originating  in  current  transformers.  I  think  we  should 
warn  every  operating  company  to  take  the  current  trans- 
formers out  of  the  air  ducts,  if  they  are  in  there  at 
present,  because  an  explosion  of  a  current  transformer 
or  the  burning  of  it  will  easily  set  fire  to  the  generator 
windings.  Also  the  terminals  and  the  main  leads  of 
the  generator  should  be  adequately  spaced  and  insu- 
lated and  supported.  In  order  to  prevent  damage  from 
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heavy  short  circuits,  the  supports  should  be  close  to- 
gether and  extremely  rigid. 

Selby  Haar:  The  objection  to  the  high  tempera- 
tures, as  suggested  by  Prof.  Slichter,  was  that  it  re- 
sulted in  extremely  low  efficiencies,  because  of  the 
large  increase  in  copper  loss  at  high  temperatures.  This 
hardly  effects  large  turbo  generators  because  they  have 
high  efficiencies  under  almost  any  circumstances,  but 
the  situation  is  far  different  for  some  other  classes  of 
machinery  in  which  copper  space  is  limited. 

S.  R.  Bergman :  The  influence  of  the  temperature 
on  the  efficiency  of  high-speed  generators  is  small.  In 
such  machines  the  core  loss,  friction  and  windage  losses 
are  predominant,  whereas,  the  copper  loss  is  relatively 
small.  An  increase  of  50  deg.  to  100  deg.  cent,  in  the 
temperature  would,  therefore,  have  but  a  small  effect 
on  the  efficiency. 

The  reverse  is  true  in  low-speed  machines  in  which 
the  copper  loss  is  predominant.  In  such  machines  an 
increase  of  50  deg.  to  100  deg.  cent,  in  the  temperature 
would  have  a  marked  effect  on  the  efficiency. 

W.  J.  Foster:  It  is  all  right,  perhaps,  in  the  sense 
in  which  Mr.  Bergman  means  it,  that  the  addition 
of  some  copper  losses  is  of  small  consequence — that 
is  true  as  lar  as  efficiency  is  concerned,  because  the 
PR  is  ridiculously  small,  as  pointed  out  by  Mr. 
Lamme  in  his  paper,  but  just  the  same  the  local  heat- 
ing is  there,  just  as  it  is  in  the  laminated  core.  If  you 
happen  to  have  laminations  pressed  together  so  they 
solidify  along  the  slot  for  an  inch  or  two,  you  may  have 
the  temperature  go  to  red  heat.  That  does  not  hurt 
the  machine,  as  far  as  efficiency  is  concerned;  it  is 
only  0.001  of  a  per  cent,  perhaps,  but  it  will 
destroy  the  machine,  since  it  will  cause  a  fire,  so  we 
must  look  out  in  the  windings  to  keep  temperatures 
down  to  a  certain  point  that  will  be  safe  for  their 
operation. 

Right  along  that  line  Mr.  Loizeaux  brings  up  the 
point  of  the  support.  I  do  not  know  what  Mr. 
Loizeaux  has  in  mind  when  he  speaks  of  rigid  support, 
but  I  would  like  to  point  out  the  great  difficulty  in  this 
whole  matter  of  support  of  end  windings  is  not  to 
have  it  too  rigid,  but  a  little  flexible,  just  to  take  the 
blows  that  Mr.  Loizeaux  points  out  occur,  due  to 
short  circuits,  improper  phasing,  and  everything  of 
that  kind.  I  agree  with  Mr.  Loizeaux  that  they 
should  be  very  effectively  supported,  so  that  they  can 
stand  in  the  best  manner  the  strains  that  they  will 
meet  in  commercial  service. 
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Another  point  brought  out  by  Mr.  Loizeaux  was 
the  different  conditions  that  may  prevail.  That  is  a 
thing  in  regard  to  which  the  manufacturers  are  now 
having  some  contention  with  customers'  engineers, 
some  of  whom  are  reaching  the  point  of  specifying,  or 
asking  the  manufacturer  to  guarantee,  that  a  generator 
if  thrown  in  180  deg.  or  90  deg.  out  of  phase,  anywhere  be- 
tween proper  phase-in  and  the  worst  phase-in,  will  be 
good  for  that  kind  of  operation,  under  the  conditions 
that  arise  in  the  power  houses.  Furthermore,  tiiey 
expect  that  guaranty  to  apply  for  a  considerable 
period,  possibly  ten  or  twenty  years. 

We  must  remember  that  guaranties  of  that  kind, 
to  be  reasonable,  should  be  defined  and  limited,  such, 
for  instance,  as  that  a  generator  will  stand  short  cir- 
cuits, at  normal  voltage,  or  maybe  ten  or  twenty  per 
cent  above  voltage.  The  manufacturer  can  agree 
to  a  reasonable  guaranty  of  that  kind,  and  have  the 
test  applied. 

Now,  with  regard  to  the  little  table  of  temperature 
drop,  about  which  Mr.  Newbury  asked,  page  961,  he 
has  pointed  out,  there  are  probably  two  factors  in  there 
that  involve  uncertainties.  He  points  out  a  statement 
which  has  been  made  by  me,  as  to  the  fact  that  tem- 
perature drops  in  different  types  of  material  have  been 
determined  and  are  well-known,  I  would  say  that,  in 
this  particular  case  the  temperature  drop  has  been 
determined  from  the  actual  armature  coils,  but  not 
in  the  machines. 

F.  D.  Newbury:  Do  you  excite  the  coils  with 
direct    current    or    alternating    current? 

W.  J.  Foster:  Direct  current.  The  only  factor 
I  am  getting  at  is  the  temperature  drop  in  the  insu- 
lation. When  it  comes  to  the  factor  of  how  much 
heat  there  is  there  to  get  out,  that  is  really  where  the 
uncertainty  comes  in,  and  in  this  case,  the  20,000 
kv-a.  turbo  generator  of  11,000  volts,  the  allowance 
for  eddy  current  losses  was  based  on  the  famous 
classical  paper  of  A.  B.  Field,  with  such  modifications 
as  were  necessary.  It  is  practically  his  formula  but 
slightly  modified,  such  modifications  being  based  on 
experience. 

The  thickness  of  the  insulation  was  another  thing 
that  Mr.  Newbury  asked  for,  and  the  character  of  the 
detector.  The  thickness  of  the  insulation  in  that 
particular  case  is  a  trifle  over  0.1  inch. 

Regarding  Mr.  Newbury's  further  point  as  to 
whether  the  temperatures  have  been  checked  up  by  the 
drop  through  the  windings  as  a  whole.  I  wish  to 
state  that  I  have  always  regarded  the  determination 
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of  temperatures  by  that[method  as  a  good  one.  The 
Institute  has  never  seen  fit  to  standardize  it,  but  I 
think  it  is  a  very  resonable  request  for  the  buyer  to 
make,  that  the  temperature  shall  be  determined  by 
the  drop  in  resistance  at  the  end  of  heat  run  as  well 
as  by  the  temperature  detectors.  In  the  case  of  machines 
of  the  size  for  which  these  data  are  given,  we  have  al- 
ways found  that  that  temperature  rise  was  less  than 
that  revealed  by  the  temperature  coil,  but  I  do  not 
have  the  data  on  the  largest  generators,  for  the  reason 
that  we  have  never  operated  these  in  the  testing  de- 
partment at  home,  and  it  is  very  difficult  to  obtain  a 
machine  outside  for  testing  purposes. 
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WE  have  now  had  some  six  years'  experience  with  the 
built-in  detector  method  of  temperature  meas- 
urement as  applied  to  large  a-c.  generators  and  have 
accumulated  experience  that  seems  to  warrant  recon- 
sideration of  the  Standards  Rules  relating  to  this  subject. 

When  this  method  was  first  proposed  and  discussed 
in  1913  and  1914,  it  was  believed  that  it  provided  a 
way  by  which  the  temperature  of  the  copper — inside 
the  insulation — could  be  very  closely  approximated  by 
a  device  installed  outside  the  insulation.  When  the 
detector — be  it  thermocouple  or  resistance  coil — is  prop- 
erly installed,  it  does  measure  a  temperature  much 
nearer  the  inside  copper  temperature  than  does  any 
other  established  method,  but  if  the  detector  is  not  prop- 
erly installed,  even  though  located  between  coil  sides, 
it  will  give  considerably  lower  results. 

Designing  and  operating  engineers  are  interested  in 
armature  coil  temperatures  from  two  different  stand- 
points; they  are  interested  in  the  effects  of  heat  on  the 
insulation  and  from  this  standpoint  are  concerned  that 
the  temperature  at  no  point  in  the  entire  winding  shall 
exceed  the  safe  operating  temperature  of  the  insulation 
located  at  that  point  of  highest  temperature;  they  are 
also  interested  in  the  linear  expansion  of  the  straight 
part  of  the  armature  coil  due  to  temperature  changes 
and,  from  this  standpoint,  they  are  interested  in  the 
average  temperature  of  the  entire  length  of  the  coil 
located  in  the  armature  core-slots. 

The  ideal  measuring  device  from  the  standpoint  of 
the  chemical  effect  of  heat  on  insulation  is  a  detector, 
such  as  the  thermocouple,  that  will  measure  local  tem- 
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peratures;  although,  obviously  such  a  device,  to  be  of 
service,  must  be  located  where  the  highest  temperatures 
are  to  be  found.  The  best  device  to  gage  the  effect 
of  heat  in  causing  the  winding  to  "creep"  and  chafe  the 
msulation  is  a  device  such  as  a  long  resistance  coil, 
that  will  average  the  temperature  along  the  length  of 
the  armature  coil. 

In  this  paper  some  errors  of  measurement  with  the 
embedded  temperature  detector  are  discussed.  Some 
pertain  to  details  concerned  with  proper  installation  of 
the  detectors,  and  while  they,  at  first  glance,  may  ap- 
pear to  be  unimportant  details,  they  are,  according  to 
our  experience,  of  such  importance  as  to  warrant  very 
careful  study. 

A  discussion  of  errors  of  measurement  requires  that 
some  standard  of  reference  be  established.  In  connec- 
tion with  the  present  subject  the  only  satisfactory  refer- 
ence temperature  is  the  temperature  of  the  copper 
inside  the  insulation  as  obtained  by  direct  measurement. 
In  general,  the  statements  made  in  this  paper  are  based 
on  tests  in  which  such  actual  copper  temperatures  have 
been  measured  by  thermocouples  placed  in  contact 
with  the  copper,  the  leads  of  the  thermocouples  being 
carried  through  the  armature  coil  insulation.  These 
inside  temperatures  can  be  measured  accurately  and 
can  be  checked  consistently  without  difficulty.  Prac- 
tically all  the  factors  that  lead  to  errors  when  tempera- 
ture detectors  are  located  on  the  outer  surface  of  the 
insulation  disappear  when  a  flat  ribbon  thermocouple 
is  placed  in  metal-to-metal  contact  with  the  copper 
conductor. 

When  a  detector  is  placed  between  the  two  coil  sides 
in  a  slot,  the  detector  measures  the  actual  temperature 
inside  the  insulation  providing: 

(1)  that  there  is  no  flow  of  heat  from  the  adjacent 
sides  of  the  copper  in  the  upper  and  lower  coils  to  the 
slot  sides;  and 

( 2)  that  there  is  no  difference  in  temperature  between 
the  upper  and  lower  coil  sides.  In  practically  all  ma- 
chines both  are  present,  to  a  greater  or  less  extent. 
These  two  effects  upon  the  reading  of  the  detector  are 
important,  and  therefore  will  be  discussed. 
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Flow  of  Heat  to  the  Slot  Sides 

Recect  measurements  of  thermal  conductivities*  show 
that  the  longitudinal  conductivity  of  insulating  material 
is  considerably  greater  than  the  transverse,  approxi- 
mately 1.5  to  4  times.  When  built  up  in  the  usual 
manner  around  a  coil  the  transverse  conductivity  is 
considerably  decreased  so  that  the  longitudinal  con- 
ductivity may  be  3  to  10  times  the  transverse. 

In  Fig,  1  is  shown  a  portion  of  a  slot  with  the  usual 
two  coil  sides  and  the  approximate  lines  of  heat  flow  as 
well  as  the  isothermal 
( equipotential)  lines. 
As  drawn,  the  as- 
sumption was  made 
that  the  insulating 
material  was  iso- 
tropic, not  of  greater 
conductivity  in  one 
direction  than  the 
other.  It  is  evident 
that  the  path  of  ^heat 
flow  from  the  por- 
tion of  the  copper 
under  consideration 
is  in  part  transverse  to,  and  in  part  longitudinal  with, 
the  insulation.  In  accordance  with  this  figure,  there  is 
heat  flow  from  the  adjacent  sides  of  the  copper  in  the 
two  coils  to  the  slot  sides,  which  heat  Bow  is,  in  the 
actual  case,  augmented  by  the  relatively  high  longi- 
tudinal thermal  conductivity.  The  particular  isothermal 
line  abc  is  at  that  temperature  which  is  recorded  by  the 
detector  at  b,  and  the  drop  in  temperature  from  the 

copper  to  the  detector  is  approximately  -^—  X  temper- 

ature  difference  between  copper  and  iron.  The  actual 
case  is  too  complicated  to  admit  of  accurate  mathemat- 
ical analysis,  but  an  idea  of  the  difference  between  the 
copper  and  detector  temperatures  can  be  gained  from 

•'The  Thermal  Conductivity  of  Insulating  and  Other  Materials" 
by  T.  8.  Taylor,  Electric  Journal,  Dec.,  1919. 
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data  on  the  12,000-kv-a.  alternator  and  small  model 
contained  in  this  paper. 

The  importance  of  this  factor  depends  largely  on  the 
distance  between  copper  conductors  in  the  upper  and 
lower  coil  sides.  It  may  have  little  effect  in  low  voltage 
windings  but  may  be  of  considerable  importance  in 
11,000-  to  13,000-volt  generators  in  which  the  copper 
of  the  two  coil  sides  is  separated  by  at  least  0.5  inch  of 
insulation. 

Difference  in  Temperature  Between  the  Upper 

AND  Lower  Coils 

In  practically  all  a-c.  machines  there  is  a  difference 
in  temperature  between  the  copper  in  the  two  coils, 
and  then  the  detector  cannot  read  higher  than  the  av- 
erage of  the  two.  Although  a  number  of  factors  may 
be  contributory  to  such  difference,  most  are  of  minor 
influence,  and  only  eddy  currents  due  to  the  load  cur- 
rent will  be  considered. 

It  is  well  recognized  that,  owing  to  the  rate  of  change 
of  leakage  flux,  due  to  the  load  currents  in  the  con- 
ductors, the  current  density  in  the  conductors  is  a 
minimum  at  the  bottom  of  the  lower  coil,  and  in- 
creases with  increasing  depth  of  conductor.  Thus, 
the  loss  in  the  upper  coil  is  greater  than  in  the  lower 
coil,  and  consequently  the  temperature  of  the  upper 
coil  is  usually  higher  than  the  lower.  A  striking  example 
of  this  was  shown  by  the  tests  on  the  original  Niagara 
generators  described  in  a  paper  five  years  ago.*  Those 
tests  showed  that  with  a  load  of  980  amperes,  the  max- 
imum temperature  of  the  top  coil  was  224  degrees,  of 
the  bottom  coil  168  degrees  ( the  average  of  which  was 
196  degrees),  whereas  the  couple  between  coils  showed 
185  degrees.  Thus,  the  difference  between  the  top  coil 
temperature  and  that  given  by  the  couple  between  coils 
was  39  degrees.  While  this  is  admittedly  an  extreme 
case  due  to  the  use  of  solid  bars  in  a  two-layer  winding, 
eddy  current  conditions,  even  when  all  possible  precau- 


*  "Experimental  Data  Concerning  the  Safe  Operating  Temperature 
for  Mica  Armature — Coil  Insulation."  F.  D.  Newburj',  A.  I.  £.  E. 
Vol.  XXXIV,  p.  2747. 
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tions  are  taken,  are  an  important  factor  of  design  in 
the  larger  60-cycle  generators  of  the  present  day. 

The  eddy  current  loss  in  the  top  coil  is  influenced  by 
the  throw  of  the  coils.  Thus,  if  there  are  three  phases 
with  the  usual  six-phase  grouping,  and  the  throw  of  the 
coils  is  two-thirds  of  full  pitch,  the  load  currents  in  the 
upper  and  lower  coils  are  displaced  from  each  other  by 
60  electrical  degrees.  The  density  of  the  leakage  flux 
interlinking  the  upper  coil  is  reduced  by  the  displace- 
ment and  the  eddy  loss  is  lowered  thereby.  If  the 
throw  of  the  coils  is  one-third  of  full  pitch  with  three- 
phase  winding  ( six-phase  grouping) ,  the  currents  in  the 
upper  and  lower  coils  are  out  of  phase  by  120  electrical 
degrees.  The  reduction  in  eddy  loss  in  the  upper  coil 
is  greater  when  the  displacement  between  currents  is 
changed  from  60  to  120  degrees  than  when  it  is  changed 
from  0  to  60  degrees. 

If  in  a  three-phase  machine  the  throw  of  the  coils  is 
between  full  pitch  and  two-thirds  pitch  in  some  of  the 
slots  the  currents  in  the  two  coils  are  in  phase  with 
each  other,  and  in  other  slots  the  currents  are  displaced 
by  60  degrees.  Hence,  there  is  a  difference  in  eddy  loss 
in  the  top  coil  in  some  slots  from  that  in  other  slots. 
Similarly,  with  a  throw  between  one-third  and  two- 
thirds,  the  eddy  loss  differs  in  some  slots  from  that 
which  obtains  in  other  slots. 

In  a  two-phase  machine  with  a  throw  of  coils  between 
one-half  and  full  pitch,  some  slots  have  coils  in  which 
the  currents  are  in  phase  and  other  slots  have  coils  in 
which  the  currents  are  displaced  by  90  degrees.  If  the 
throw  is  less  than  90  degrees,  in  some  slots  the  cur- 
rents are  in  phase  opposition,  which  gives  the  minimum 
loss. 

In  a  three-phase,  two-pole,  60-cycle,  turbo  generator 
that  has  been  in  service  for  about  six  years,  with  fairly 
deep  conductors  in  the  coils,  there  are  36  slots,  and  the 
throw  of  the  coils  is  from  slot  No.  1  to  slot  No.  12. 
Thus,  the  throw  is  between  one* third  and  two-thirds  of 
full  pitch.  Tests  made  showed  that  with  60  electrical 
degrees  phase  displacement  the  temperature  rise  by 
thermocouple  between  coils  was  63  degrees  cent., 
whereas  with  120  degrees  phase  difference,  the  tempera- 
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ture  rise  was  56  degrees;  a  difference  <rf  seven  degrees.* 
It  is  therefore  evident  that  the  temperature  detectors 
should  be  located  in  slots  ia  which  there  is  minimum 
phase  difference  between  the  currents  in  the  upper  and 

lower  coils. 

Pbotection  of  Dbtectob  frou  the  Cooling  Aib 
With  the  usual  two  coil  per  slot  arrangement  there 
are  two  methods  of  wrapping  the  mechanically  protect- 
ing slot  cell  around  the  coils,  viz.: 

(1)  To  place  these  cells  on 
coils  individually  as  shown  in 
Rg.  2,  or, 

(2)  To  use  a  wof^e  slot  cell  to 

wrap  both  coils  as  indicated  in 

Fig.  3. 

_     -  Du    „  With  the  usual  mdial  scheme 

Flo.  2  Fro.  3 

of  ventilatioD  (that  is,  with  ur 

ducts  at  intervals  axially),  it  would  seem  that  there 
is  likelihood  of  the  cool  air  passi^  between  coils 
and  cooling  the  det«ctor  below  the  temperature  that 
would  otherwise  be  read.  This  cooling  air  would  not, 
however,  have  an  appreciable  effect  upon  the  tempera- 
ture of  the  coils,  because  the  percentage  increase  ip 
surface  exposed  to  the  cooling  air  is  negligible.  Tests 
made  upon  a  12,000-kv-a.  alternator  and  more  especially 
upon  the  model,  results  of  which  are  given  in  this  paper, 
bear  out  this  supposition. 

Tests  on  a  12,000-kv-a.,  660a-VoLT,  Thkbb-Phabe, 
60-Ctclb,  150-Rev.  Per  Min.,  Vertical  Alteb- 

nator 
The  stator  of  the  alternator  had  the  following  dimen- 
sions: 
Internal  diameter  =  192  inches 

External  =209  inches 

Core  width  =33  inches 

Number  and  size  radial  vents  =  13 -H  inches 
Number  and  size  of  slots         =324-0.79 in.x3.45  in. 
Number  of  conductors  per  slot  =  4 

The  temperaturea  were  measured  by  means  of  thermocoupleo 
betveen  coil  sides,  not  an  the  bare  copper. 
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Size  of  conductor  =4  (0.162  m.xO.25  in. 

bare) 
4  (0.129  m.x0.21  in. 
asbestos  covered) 

Section  of  conductor  =0.264  sq.  in. 

For  arrangement  of  conductor  see  Fig.  4. 

Connection,  two-circuit  star. 

Throw  of  coils  1  and  7. 

In  order  to  make  tests  with  thermocouples  on  the  bare 
copper,  these  couples  were  installed  in  coila  near  the 
neutral  point,  and  the  neutral  was  grounded  during  the 
tests.  In  addition  to  these  couples,  the  two-Kiell,  and 
the  one-cell  arrangements  were  used — two  cells  from  the 
center  line  of  the  machine  to  the  right,  and  one  cell  to 
the  left.  The  thermocouples  were  placed  in  the  pack- 
^;es  of  iron  adjacent  to  the  central  vent.  Thermo- 
couples were  also  embedded  in  the  iron,  as  shown  in 
Fig.  4,  they  being  axlally  at  the  middle  of  the  package 
to  the  right  of  the  central  vent. 


Two  heat  runs  were  made:  the  first  at  6600  volts,  960 
amperes  per  phase  until  constant;  then,  without  shut- 
ting down,  the  voltage  was  raised  to  7260,  the  current 
being  kept  at  960  amperes.  Both  runs  were  made  at 
nearly  zero  power  factor,  la^ng  current. 
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The  summary  of  these  heat  runs  is  given  in  Fig.  4. 
Before  drawing  conclusions  it  will  be  interesting  to 
estimate  the  temperature  drops  through  the  insulation 
and  to  compare  these  calculated  results  with  the  test. 

The  ingoing  air  temperature  was  31  deg.,  so  that  for 
the  first  heat  run  the  total  temperature  of  the  top  coil 
was  about  107  deg.  total.  The  calculated  eddy  current 
loss  for  the  top  coil  is  48  per  cent  of  PR  loss.*  The  PR 
loss  at  0  deg.  cent,  with  960  amperes  per  inch  of  length 
per  coil  is  1.09  watts.  The  average  surface  (taken  as 
bare  copper  surface  plus  three  times  the  distance  from 
copper  to  iron)  is  3.31  sq.  in.,  the  thickness  of  the 
single  wall  =  distance  copper  to  iron  is  0.154  inch;  the 
thermal  conductivity  of  the  insulation  we  shall  take  as 
0.003  watts  per  inch  cube  per  degree  cent.  Then  the 
watts  per  square  inch  at  107  deg.  = 

(1  +0.00427X107)  1.48X1.09  ^  ^  ^^^ 

3.31 

The  thermal  drop  from  the  copper  to  the  iron  is  ap- 

,  ,      0.707X0.154       ^^^   , 
proximately:  =  36.2  deg.  cent. 

0.003 

The  temperature  rise  of  the  iron  48.5  deg.  cent,  in 
the  first  run,  is  taken  as  the  mean  of  the  maximum 
thermocouple  readings  in  the  teeth  and  just  back  of 
the  teeth.  Taking  the  air  in  the  vents  at  the  teeth  to 
be  10  deg.  above  the  ingoing  air  (for  second  run  13  deg.) 
the  weighted  mean  temperature  of  iron  and  air  is: 

48.5  deg.  X  26Hin.  +  10  deg.  X  6^  m.^^^  3  ^      ^.^ 

33  in. 

The  temperature  of  the  copper  above  the  ingoing  air 
is  then:  36.2  deg.  +  40.8  deg.  =  77  deg.;  whereas  the 
average  temperature  rise  by  test  of  the  top  coil  in  the 
slot  which  showed  maximum  temperature  was  76  deg. 
The  calculations  do  not  allow  for  axial  flow  of  heat  in 
the  copper  to  the  ends,  but  the  decrease  in  temperature 
at  the  middle  due  to  longitudinal  flow  in  this  machine 
is  not  great. t 

*See  paper  by  R.  E.  Gilman  on  Eddy  Currents,  page  977. 

fThis  subject  of  relative  longitudinal  and  transverse  heat  flow  has 
been  investigated  mathematically  by  one  of  the  authors  and  a  paper 
on  this  subject  will  be  submitted  to  the  Institute  in  the  near  future. 
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Summarizing  the  calculations  we  obtain  Table  I. 

TABLE  I 


6600  Volts, 
960  Amperes 

7260  Volts. 
960  Amperes 

Weighted  mean  of  tooth  and  air  temp 

Thermal  drop  t^roush  inn^ilation 

40.8 
36.2 
77. 

76. 

50.4 
37.1 
87.5 

88.1 

CalctUated  copper  temp,  rise  "  sum  of  above. . 

Average  temp,  rise  of  the  coil  in  slot  having 

max.  temp,  (test) 

This  close  agreement  between  the  calculated  and  ob- 
served drop  in  temperature  through  the  insulation 
under  two  different  load  conditions  indicates  the  over- 
all consistency  and  reasonableness  of  the  test  results 
and  permits  us  to  draw  conclusions  from  them  with 
added  confidence.  Attention  is  especially  called  to 
fact  that  the  drop  through  the  insulation  cannot  be 
altered  (except  for  slight  change  in  loss  due  to  resist- 
ance being  modified  by  change  in  total  temperature) 
by  change  in  ventilation.  The  only  way  the  heat  can 
be  dissipated  from  the  copper  is  by  conduction  through 
the  insulation;  some  of  the  heat  may  flow  longitudinally 
but  still  must  be  conducted  through  the  insulation  on 
the  coil  ends  and  then  be  liberated  by  convection  from 
the  surface. 

The  readings  may  be  summarized  still  further  as  in 

TABLE  II 


6600  Volts. 

060  Amperes 

Degrees 

7260  Volts. 
060    Amperes 
Degrees 

Average  temp,  rbe  of  top  coil  in  slot  having 

max.  temp 

Couples          /Max.  temp,  rise  single  slot  cell. . 
between  coils\Max.  temp,  rise  double  slot  cell. 
Average  temp,  rise  bot.  of  slot 

76. 

64. 

68.7 

47.9 

46.3 

88.1 

69. 

63.5 

60.1 

56.6 

Average  temp,  rise  teeth 

From  Table  II  it  will  be  seen  that: 

(1)  There  is  a  very  material  difference  between  the 
true  copper  temperature  and  the  temperature  as  meas- 
ured by  means  of  detectors  between  coil  sides;  12  deg. 
and  19  deg.  for  the  6600-  and  7260-volt  heat  runs  re- 
spectively. These  differences  are  due  to  a  combination 
of  effects  such  as  heat  flow  to  the  sides  and  difference  in 
temperature  between  upper  and  lower  coils.  Expressed 
as  a  percentage  of  the  total  drop  in  temperature  from 
the  copper  to  the  weighted  mean  of  iron  and  air  (76  deg. 
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—  40.8  deg.  for  first  run),  these  differences  are  34  per 
cent  for  the  first  and  51  per  cent  for  the  second  heat  run. 
(2)  The  temperature  reading  is  lower  with  the  two- 
cell  arrangement  than  with  one  cell.  This  amounts  to 
5.3  deg.  for  the  first  and  5.5  deg.  for  the  second  heat 
run.  The  differences  between  the  maximum  tempera- 
ture on  the  copper  and  the  maximum  temperature  by 
detector  with  two  cells  expressed  as  percentages  of  the 
total  drop  are  49  and  65  for  the  first  and  second  runs 
respectively.  The  various  figures  are  put  in  more  con- 
venient form  in  Table  III. 

TABLE  III 


6600-Volt  Run. 

72eO-VoIt  Run.       | 

Degrees 

Per  Cent 
Total  Drop 
in  Insulation 

Degrees 

Per  Cent 
Total  Drop 
in  Insulation 

Di£Ference  between  max.  copper 
temp,  and  max.  detector 
reamng  with  one  cell 

Di£Ference  between  max.  cop- 
per temp,  and  max.  detector 
reading  with  t^o  cells 

12. 
17.3 

34 
49 

10.1 
24.6 

51 
65 

( 3)  There  is  a  considerably  greater  difference  between 
maximum  and  minimum  readings  with  detectors  ex- 
posed to  cooling  air  as  in  the  two-cell  arrangement  than 
with  detectors  in  contact  with  copper  or  with  detectors 
between  coils  but  protected  from  air  currents.  This  is 
shown  by  the  following  figures  from  Fig.  4. 


Max. 

Min. 

Ratio 

Couples  on  copper 

78.3 

64. 

68.7 

71.3 
52.0 
43.5 

0.91 
0.83 
0.74 

Couples  bet.  coils  one-slot  cell 

Couples     "      "    two-slot  cell 

This  is  a  matter  of  considerable  importance  as  it  is 
a  measure  of  the  reliability  of  the  readings  by  the  sev- 
eral methods.  The  greater  variation  in  the  case  of  the 
two-slot  cell  arrangement  is  possibly  due  to  the  greater 
effect  of  poor  contact  between  the  coil  surfaces  and  the 
detector  when  the  detector  is  exposed  to  air  currents. 

(4)  A  comparison  of  the  average  temperature  rise  by 
couple  at  the  bottom  of  the  slot  and  the  average  tem- 
perature rise  of  the  teeth,  shows  that  the  former  is  not 
much  higher  than  the  latter.  The  thermocouple  at  the 
bottom  of  the  slot  measures  the  iron  temperature  at 
that  spot  and   cannot  read  the   copper  temperature. 
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The  diflference  between  the  two  readings  is  quite  small, 
but  that  can  be  readily  understood  when  one  considers 
that  there  is  considerable  flow  of  heat  from  the  coil, 
which  must  be  accompanied  by  a  thermal  drop  in  the 
iron;  the  longitudinal  thermal  conductivity  of  the  iron 
is  only  about  one-ninth  that  of  copper. 

Further  conclusions  may  be  drawn  by  reference  to 
Fig.  4. 

(5)  The  temperatures  by  thermometers  on  the  end 
windings  give  practically  no  information  in  regard  to 
the  maximum  copper  temperatures. 

(6)  The  temperature  rise  by  resistance  is  at  best,  the 
average  resistance  of  the  complete  winding  and  there- 
fore conveys  no  information  in  regard  to  maximum 
temperature,  and  little  information  as  regards  the  av- 
erage temperature  in  the  slots. 

Tests  with  Armature  Model 

In  Fig.  5  are  shown  the  details  of  a  model  designed 
to  reproduce  the  temperature  conditions  in  a  radially 
ventilated  armature  core  from  which  data  of  interest 
can  be  obtained  more  conveniently  than  in  the  actual 
generator.  This  model  consists  of  sheet- steel  lamina- 
tions having  two  armature  slots  and  built  up  into  a 
core  of  four  packages  with  J^-in.  air  ducts  between. 
Two  flat  coils  (connected  in  series)  wound  with  small 
wire  are  located  in  the  two  slots.  A  second  sheet  steel 
core,  one  inch  thick,  is  placed  over  the  slots  to  complete 
the  magnetic  circuit.  The  coils  were  insulated  with 
mica  of  a  thickness  sufficient  for  a  6600- volt  generator. 

In  Fig.  6  are  shown  elevations  of  the  model  when 
placed  in  a  wooden  box  with  a  small  Sirocco  fan  used 
for  driving  air  through  the  vent-ducts. 

In  Fig.  5,  Ci,  C2,  etc.,  /i,  /a,  etc.,  all  refer  to  thermo- 
couples, the  "C  couples  being  placed  between  coils, 
thus  measuring  coil  temperatures,  and  the  "/"  couples 
being  imbedded  in  the  iron,  fti,  ft,  72/,  Rij  are  re- 
sistance exploring  coils.  Couple  C2  is  placed  within  ftr, 
C2  is  within  Ri]  d  is  within  ft;  and  C/  is  within  ft'. 
Ci,  Cs,  and  C^'  are  above  the  resistance  exploring  coils. 
As  shown  Ri  and  ft'  are  substantially  the  entire  width 
of  the  slot;  ft  and  ft'  are  each  about  Jle  in.  wide.    Ip 
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Fig.  5 

slot  No.  1,  the  slot  cell  was  made  in  two  parts  as  id 
Fig.  2.  In  slot  No.  2  only  one  slot  cell  was  used  for  parts 
of  two  coils  in  a  slot  as  in  Fig.  3.  Thus,  in  slot  No.  1, 
the  air  in  the  vent-ducts  could  strike  the  detectors 
and  affect  their  indication,  as  is  proved  by  the  results. 
In  order  to  show  that  there  was  no  appreciable  differ- 
ence between  the  two  slots,  data  are  also  included  taken 
with  all  apace  closed  between  coils  (litharge  and  glycerine 
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was  used).    In  Table  IV  the  data  from  heat  runs  with 
20  amperes  60  cycles  are  ^ven. 


TABLE  IV 

TEMPERATURE  RISES 

DEGREES  CENT 

Tat  with  Alterutina  Cu 

ma 

.  20  AniDsns. 

flOCyc 

Apprwim 

Wly  374  Volt* 

AmpBrn  pRH|.  inch           -  1870, 

Appm.  tooth  demiir         -  S2,000 

ia« 

p««,.,indi. 

■■      awe          "             -73,000 

"      «.p           -             -  Sl,200 

Eddy  eurrent  Ion  lop  coil  -  0.30  > 

>R. 

Wnuairr  Pacetno  Between  Coils 

With  Pace 

NO  Bet 

WEEH  COILE 

Two-Slot  Cell*       Oke-Slot  Cell 

Two^lotCe 

Owe-Slol  Gill 

Slot  No.  1                      Slot  No.  3 

Slot  No.  I 

Slot  No.  3 

Cr  -30.8                    CI  -44.8 

cr  -47.5 

€2-  -  34.5                    C2  -  4S.2 

C2'  -  43. 

C2  -  3a.S 

CS;  -  38,B                     C3  -  48.2 

C3;  -  43. 

cy  1 32:'                CS  -  48:6 

C5'  -    S'.S 

C5  -  45.0 

Cfl'  -  54,5 

Cfl  -64. 

C7'  -  J8,S 

HI'  -  32:5                     Rl  -  45: 

Rl'  -    3.7 

112-  -33.                       R2-48.8 

R2'  -  44.9 

R2  -43. 

Entire  wiodinc  by  [<■!>.  -  M  d(«. 

S3dc« 

'    13-30. 

13     I  3i.i                    14    I  38'.S 

12   -  aois 

It  will  be  noted  that  the  temperatures  in  the  slot 
with  two  celts  is  mfttcriaUy  lower  than  with  one  cell, 
whether  thermocouples  or  resistance  coil  method  be 
used.  Table  V  was  made  up  in  the  same  manner  aa 
Tables  I  and  11;  thermal  conductivity  was  taken  as 
0.003  watts  per  inch*  per  deg.  cent.    The  air  tempera- 
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ture  rise  was  taken  as  3  deg.  above  ingoing  air  for  figuring 
weighted  mean  of  tooth  and  air  temperatures. 

TABLE  V 

Weighted  mean  of  tooth  and  air  temp —  26 

Thermal  drop  through  insulation ■■  29.6 

Calculated  copper  temp,  rise  »  sum  of  above  — ^  55.5 

Average  temperature  nse  of  copper  top  coil,  test »  56.6 

Coui^les  betweenf  Max.  temp,  rise  single  slot  cell >  50.4 

coils  \Max.  temp,  rise  double  slot  cell »  38.6 

Figuring  in  same  way  as  for  the  12,000-kv-a.  alter- 
nator, and  using  58.8  deg.  for  the  internal  temperatures 
(the  average  of  the  C?  couples),  Table  VI  is  obtained: 

TABLE  VI 


Degrees 

Per  Cent  of  Total 
Drop  in  Insulation 

Difference  between  copper  temp,  and  max. 

detector  reading  ndth  one  cell 

Difference  between  copper  temp,  and  max. 

detector  reading  with  two  cells 

8.4 
20.2 

25.6 
61.6 

From  the  tests  on  the  model  it  will  be  noted  that: 

(1)  The  cooling  effect  of  air  which  passes  between 
coils  with  the  two-cell  arrangement  very  materially 
lowers  the  reading  of  the  detector,  whether  thermo- 
couples or  resistance  coils  are  used. 

(2)  The  air  which  passes  between  coils  with  the  two- 
cell  arrangement  has  no  influence  upon  the  internal  tem- 
peratures (compare  tests  without  packing  with  those 
with  packing;  also  compare  Ce  and  C?  readings  in 
two  different  slots  in  the  test  without  the  glycerine  and 
litharge  packing). 

(3)  With  any  detector  arrangement  between  coils, 
temperatures  lower  than  the  maximum  are  indicated. 

(4)  Wide  resistance  coils  Ri  and  Ri  showed  slightly 
lower  temperatures  than  did  the  narrow  coils,  due  un- 
doubtedly to  heat  flow  from  sides.  (Although  the  same 
argument  applies  to  thermocouples,  they  can  more 
readily  be  made  narrow,  and  usual  practise  is  to  make 
them  of  smaller  width  than  is  mechanically  feasible 
with  resistance  coils). 

(5)  Thermocouples  showed  slightly  higher  tempera- 
tures than  the  resistance  coils,  but  the  difference  was 
too  small  to  warrant  much  discussion  other  than  as 
noted  under  (4)  above. 

The   fact   that  the   temperature   rise   by   resistance 
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^;reed   fairly   well   with   the   average   of  the   thenno- 
coupleB  inside  the  top  coil  may  be  accounted  for  by: 

(1)  The  ventilation  of  the  ends  was  very  poor  (air 
was  allowed  to  pass  through  J^-inch  hole)  and  therefore 
its  temperature  was  probably  higher  than  the  slot  por- 
tion, thus  raising  the  average  temperature;  and 

(2)  Very  little  time  was  lost  between  shut-down  and 
taking  of  reading  of  resistance.  Neither  of  these  con- 
ditions can  be  obtained  in  a  large  alternator — the  ends 
are  very  effectively  cooled,  and  there  is  a  considerable 
lapse  of  time  after  shutting  down  before  readings  can 
be  taken.  The  tatter  implies  that  in  a  machine,  the 
average  temperature  is  higher  than  can  be  measured  by 
resistance. 


Erbobs  in  Determination  of  TemperatDrbb  bt 

Placing  Detectohs  Between  Coil  and 

Iron  ok  Under  Wedge 

Previous  reference  to  errors  by  this  method  has  been 
made.  A  test  on  another  machine  will  be  given  to  assist 
in  showing  the  futility  of  attempting  to  measure  the 
copper  temperature  with  detectors,  say,  between  bottom 
of  coil  and  slot,  and  between  coil  and  wedge. 

A  3750-kv-a.,  480-volt,  three-phase,  60-cycle, 
3600-rev.  per  min.  turbo  generator  was  wound  with  one 
coil  side  per  slot,  one  turn  per  coil,  the  connections  having 
been  two-circuit  star.  The  arrangement  of  the  conductor 
in  the  slot  is  shown  in  Fig.  7,  there  having  been  72 
strands,  each  (0.102  in.  by 
0.205  in.  d.  c.  c.)  ribbons  per 
conductor.  { The  tempera- 
ture was  low  enough  to  per- 
mit of  use  of  Class  A  insu- 
lation.) The  coils  were 
turned  over  at  the  ends;  that 
is,  a  strand  at  the  top  of  a 
coil  in  one  slot  became  the 
bottom  strand  in  the  other 
slot  in  which  the  other  part 
of  the  coil  was  placed.  In  addition  the  strands  were 
transposed  depthwise,  as  indicated  schematically  in 
Fig.  8.    There  were  36  slots  total,  so  that  the  number 


Fig.  7 
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of  coil-sides  per  pole  per  phase  per  circuit  was  three.  The 
three  coils  in  such  a  phase  group  formed  a  group  for 
transposition.  Thus,  starting  at  the  beginning  of  a 
phase  group,  all  the  strands  were  joined  together  at  one 
end  of  the  coil,  but  at  the  other  end  the  72  strands  were 
arranged  in  12  groups,  of  six  strands  each.  The  top  left 
group  at  the  beginning  of  coil  No.  1  becomes  the  bottom 
left  group  at  the  end  of  coil  No.  1 .  To  simplify  the  sketch 
in  Fig.  8,  the  left  sides  of  the  12  groups  of  coil  No.  1  are 
shown  joined  in  parallel;  these  are  the  beginnings  of  the 
coil  group.  At  the  other  end  of  coil  No.  1,  the  position 
of  the  groups  are  actually  inverted,  but  they  are  not  so 
shown.  Then,  the  top  left  group  which  is  actually  the 
bottom  left  in  coil  No.  1  is  joined  to  the  third  left  group 
in  coil  No.  2;  and  the  other  end  of  that  group  is  joined 
to  the  fifth  left  group  in  coil  No.  3,  etc. 

Thermocouples  were  placed  at  the  middle  of  the 
straight  parts  of  the  coil,  before  the  coils  were  insulated, 
and  couples  were  also  placed  at  the  bottom  and  top  of 
slot,  as  shown  in  Fig.  9.  In  the  same  figure  the  final 
temperature  rises  are  indicated  for  heat  run  at  4100 
amperes  per  phase,  normal  voltage,  zero  power  factor. 

Figuring  the  drop  through  the  insulation  in  the  same 
manner  as  previously,  allowing  0.091  in.  for  the  thickness 
of  the  insulation;  0.3  for  the  watts  per  sq.  in.  at  0  deg.; 
0.2  for  the  eddy  loss  as  fraction  of  PR;  1.32  for  the 
increase  in  resistance  due  to  temperature;  0.0025  for  the 
thermal  conductivity;*  the  drop  is: 
1.2  X  1.32  X  0.091  X  0.3  _  „  3 
0.0025 
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The  weighted  mean  of  iron  (34  deg.)  and  air  (say  10 
deg.)  (for  relative  lengths  of  3.33  to  1)  is  28.4  deg.  The 
mean  of  the  three  temperatures  inside  the  coil  is  47  deg., 
and  the  drop  is  (47  —  28.4  =)  18.6  deg.  as  compared 
with  17.3  deg.  calculated. 

It  will  be  noted  that: 

(1)  The  detector  at  the  bottom  of  the  slot  or  under  the 
wedge  does  not  indicate  the  temperature  of  the  copper. 

(2)  That  the  maximum  temperature  of  the  copper  is 
probably  not  at  either  the  top  or  at  the  bottom  of  the 
coil. 

( 3)  The  cool  currents  of  air  above  the  wedge  may  cause 
the  detector  below  it  to  read  lower  temperature  than  one 
at  the  bottom  of  the  slot,  even  though  the  copper  at  the 
top  is  at  higher  temperature. 

As  a  matter  of  fact,  as  previously  pointed  out  in 
commenting  upon  the  tests  on  the  12,000-kv-a.  alterna- 
tor, the  detector  at  the  bottom  of  the  slot  reads  the 
temperature  of  the  iron  with  which  it  is  in  contact;  the 
detector  placed  below  the  wedge  reads  the  temperature 
of  that  portion  of  the  wedge,  and  neither  can  take  into 
account  the  drop  through  the  insulation.  The  A.  I.  E.  E. 
Standardization  Rule  number  356  allows  for  a  correction 
factor  of  10  deg.  cent,  plus  1  deg.  cent,  per  1000  volts 
above  5000.  Such  correction  factor  is  necessarily  more 
or  less  meaningless. 

Thus,  the  tests  and  calculations  on  the  12,000-kv-a. 
alternator  showed  that  the  drop  through  the  insulation 
was  approximately  36  degrees  with  91  per  cent  load  or 
about  43  degrees  with  full  load.  With  high  voltages, 
especially  in  long-core  60-cycle  machines  of  large  output, 
the  drop  is  necessarily  greater,  due  to  the  heavier  wall  of 
insulation;  in  such  machines  the  drop  is  of  the  order  of 
50  degrees  cent. 

In  our  opinion  it  is  not  possible  to  decide  upon  correc- 
tion factors  which  are  applicable,  even  for  comparison, 
with  the  one  coil  per  slot  arrangement.  In  point  of  fact, 
machines  built  at  the  present  time  in  large  or  moderate 
sizes  (in  which  detectors  are  incorporated),  have  with 
very  few  exceptions,  two  coil-sides  per  slot.  Therefore, 
it  is  our  opinion  that  the  method  of  measuring  copper 
temperatures  by  means  of  detectors  at  the  bottom  of  the 
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slot  or  under  the  wedge,  should  not  be  recognized  in  the 
Standardization  Rules. 

Location  of  the  Highest  Copper  Temperature 

It  will  be  seen  from  an  inspection  of  Fig.  4  that  the 
temperatures  at  the  top  of  the  upper  coil  are  slightly 
higher  than  at  the  middle  of  the  upper  coil,  but  that  there 
is  a  larger  difference  in  temperature  between  the  middle 
and  the  bottom  of  the  coil  than  between  the  top  and  the 
middle  of  the  coil.  In  the  model  (see  Table  III)  the 
temperatures  at  the  bottom  of  the  upper  coil  are  higher 
than  at  the  top.  In  the  3750-k.v.-a.  generator  (see 
Fig.  9)  the  temperature  at  the  side  was  substantially  the 
same  as  at  the  top  ( test  showed  I  deg.  higher  at  the  side) , 
but  the  temperature  of  the  copper  at  the  bottom  of  the 
coil  was  appreciably  lower  than  at  the  side.  In  all  three 
cases,  the  effect  of  eddy  currents  was  to  increase  the  loss 
toward  the  top  of  the  coil;  but  the  fact  that  the  temper- 
ature at  the  top  was  lower  than  might  have  been  antici- 
pated was  in  every  case  because  the  thermal  conductivity 
of  the  compact  wedge  was  relatively  high,  and  with  the 
effective  cooling  of  the  outside  of  the  wedge,  the  tem- 
perature at  the  inside  was  lowered. 
(See  Fig.  9  and  note  the  reduced 
temperature  below  wedge.) 

The  fact  of  the  matter  is  that, 
if  the  temperature  of  the  bare 
copper  is  to  be  measured,  detectors 
should  be  located  at  various  depths 
within  the  upper  coil,  and  the  maxi- 
irjn  Max  (Back  of  Core)  41-      ^^^  temperature  taken  to  be  the 

Fig.  9  maximum  copper  temperature.    If 

this  is  done  in  a  number  of  coils  in 
the  machine  and  if  the  detectors  are  so  located  axially 
that  their  positions  correspond  to  the  axial  position  of 
maximum  core  temperature  ( to  be  determined  by  test  on 
similar  machines  before  manufacturing  the  coils)  the 
maximum  copper  temperature  will  be  measured  with 
possibly  a  very  small  percentage  error. 
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Summary,  Conclusions  and  Remarks 

The  points  brought  out  in  this  paper  may  be  summar- 
ized as  follows: 

(1)  With  detectors  placed  between  coil  sides,  the 
difference  in  eddy  currents  in  the  upper  and  lower  coils 
causes  the  detectors  to  read  lower  than  the  maximum. 

(2)  With  detectors  placed  between  coil  sides,  the  flow 
of  heat  to  the  slot  sides  causes  the  detectors  to  read  lower 
than  the  maximum. 

( 3)  With  detectors  placed  between  coil  sides,  the  phase 
difference  in  currents  in  the  particular  slot  influences  the 
reading,  and  the  detectors  should  be  located  in  slots  in 
which  there  is  minimum  phase  difference. 

(4)  With  detectors  placed  between  coil  sides  the  pos- 
sible circulation  of  air  about  the  detector  may  have  a 
material  influence  upon  the  reading  of  the  detector.  The 
slot  cell  should  be  so  arranged  that  air  currents  cannot 
influence  the  reading  of  the  detector.  (See  Fig.  3.)  The 
single  slot-cell  provides  excellent  protection  as  the  detec- 
tor is  then  located  in  dead-air  space. 

(5)  The  air  currents  which  lower  the  reading  of  the 
detector  with  the  two-cell  arrangement  have  an  inappre- 
ciable influence  upon  the  internal  copper  temperature. 

(6)  All  heat  from  the  copper  must  flow  transversely 
through  the  insulation. 

(7)  The  thermal  drop  through  the  insulation  in  large^ 
long-core,  high-voltage  60-cycle  machines  is  of  the  order 
of  50  deg.  cent. 

(8)  The  thermal  drop  through  the  insulation  cannot 
be  appreciably  lowered — at  least  in  long-core  machines — 
by  improvement  in  ventilation. 

(9)  With  any  arrangement  of  detectors  between  coil 
sides,  temperatures  lower  than  the  maximum  are  read, 
with  the  possible  and  rare  exception  of  copper  tempera- 
tures equal  to  or  lower  than  the  iron  temperatures. 

(10)  With  wide  detectors  between  coil  sides  lower 
readings  are  obtained  than  with  narrow  detectors.  The 
detectors  should  be  made  as  narrow  as  is  mechanically 
feasible. 
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(11)  With  detectors  placed  on  the  bare  copper,  the 
maximum  temperature  is  not  necessarily  read  at  the  top 
of  the  upper  coil. 

( 12)  A  detector  placed  between  coil  side  and  iron  or 
between  coil  side  and  wedge  reads  only  the  iron  or  wedge 
temperature  at  the  particular  spot;  the  reading  gives  no 
information  in  regard  to  the  thermal  drop  through  the 
insulation  and  the  actual  copper  temperature. 

(13)  Thermometers  placed  on  the  end  windings  give 
no  information  in  regard  to  the  highest  copper  tempera- 
ture in  large  high-voltage  generators. 

( 14)  Resistance  measurements  taken  after  completion 
of  the  heat  run,  convey  no  information  in  regard  to 
maximum  temperature,  and  but  little  information  in 
regard  to  the  average  temperature  in  the  slots. 

( 15)  The  machine  usually  cools  too  much  after  shut- 
down and  before  taking  readings  to  obtain  accurate  data 
on  the  average  temperature  of  the  winding. 

Whereas  the  only  known  way  to  measure  the  maximum 
copper  temperature  is  by  means  of  detectors  on  the  bare 
copper,  that  method  is  not  usually  commercial,  and 
therefore  we  must  continue  to  employ  detectors  between 
coil  sides.  If  a  one-cell  arrangement  is  used  ( Fig.  3),  the 
detector  if  fairly  narrow  reads  temperatures  which,  while 
they  are  slightly  lower  than  the  average  of  the  top  and 
bottom  coil  temperatures,  afford  a  basis  of  comparison 
for  the  maximum  temperature  which  is  helpful  to  the 
purchaser  and  operator  in  judging  on  the  one  hand  the 
value  of  the  points  of  superiority,  and  on  the  other  hand 
whether  or  not  the  machine  is  being  operated  at  too  high 
load.  It  is  true  that  the  method  cannot  cover  all  dis- 
crepancies, it  cannot,  with  any  simple  correction  factors, 
allow  for  the  variation  in  eddy  current  loss  in  the  various 
proportions  of  machines;  it  cannot  cover  the  thermal 
drop  due  to  the  heat  flow  to  the  sides  of  the  slot;  it  cannot 
allow  for  the  uncertainty  of  locating  the  hottest  spot  over 
which  there  was  lengthy  discussion  in  the  Standardiza- 
tion Committee  in  1914,  but  it  is  a  means  of  judging,  and 
the  only  means  that  we  now  have  that  is  entirely  com- 
mercial. Inasmuch  as  any  correction  factor  would  be  of 
comparatively  little  significance,  it  would,  in  our  opinion. 
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be  well  to  omit  such  factor  entirely,  it  being  understood 
that  in  any  case  the  reading  by  detector  is  probably  some- 
what lower  than  the  maximum  copper  temperature. 

The  machines  built  at  the  present  time  in  large  or 
moderate  sizes  in  which  detectors  are  incorporated,  have 
with  very  few  exceptions,  parts  of  two  coils  per  slot.  An 
occasional  machine  is  built  in  which  part  of  only  one  coil 
per  slot  is  used,  but  such  machines  are  usually  wound  for 
a  lower  voltage  than  is  possible  with  the  two-coil  wind- 
ing.* Therefore,  it  is  our  opinion  that  the  method  of 
measuring  maximum  copper  temperatures  by  means  of 
detectors  at  the  bottom  of  the  slot  or  under  the  wedge, 
should  be  omitted  from  the  Standardization  Rules. 


•This  statement  may  not  apply  to  European  practise  in  which 
partly  closed  slots  are  frequently  employed  and  "shoved-through" 
type  of  coil  used. 
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Discussion  on  "Some  Practical  Experience  with 

Embedded  Temperature  Detectors  in  Large 

Generators"     (Fechheimbr   and    Newbury), 

White  Sulphur,  W.  Va.,  June  30, 1920. 

C.  J.  Fechheimer:     In  order  that  additional  proofs 

might  be  secured  of  the  influence  upon  the  reading  by 

detectors  placed  between  coil  sides  of  (a)  heat  flow  to 
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Fig.  1 


the  slot  sides,  (b)  width  of  detector,  (c)  difference  in 
losses  in  the  upper  and  lower  coils  due  to  eddy  currents, 
an  armature  model  similar  to  the  one  described  in)[our 
paper  was  built,  as  shown  in  Fig.  1.  The  construction  ■ 
of  this  model  differed  from  the  previous  one  only  in 
that  additional  insulation  was  placed  between  coil  sides 
consisting  of  14  layers,  each  layer  0.015  inch  thick,  of 
treated  cement  paper  and  mica,  and  in  the  arrangement 
"^f  the  thermocouples.     Those  indicated  as  d  to  Ctt 
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inclusive  were  made  of  No.  27  B.  &  S.  gage  copper  and 
advance  wire;  those  inside  the  coils  C26  to  Cm  inclusive 
were  made  of  0 .  005  in.  by  0 .  25  in.  copper  and  advance 
ribbons. 

A  series  of  tests  is  being  conducted,  and  at  present, 
we  are  prepared  to  give  data  on  three.  These  tests 
were  made  with  direct  current,  so  that  there  was  no 
eddy  current  loss;  in  order  to  initiate  the  greater  loss 
in  the  upper  coil  which  usually  obtains  when  alterna- 
ting current  flows,  different  values  of  direct  current 
were  used  in  the  two  coils.     It  will  be  noted  in  Fig  1 


2DAmp.p.Cin 
bothCoOs 


K/x/x/x/j-yyAj'yy^ 


25Amp.D.C.in 
bothCofla 


r^yx^/A/xr^^j'y: 


25Amp.D.C.TopCoa 
20Amp.D.CBotCoa 


<yw^v>v;/wWi/y 


^S 


.1 


86J 


Rise  by  Resistance 
Top  Coil  42.7*'  Hot. 
Coil  44.5*  Rise  of 
Iron  End  Packages 
IS*'  Middle  Pack- 
ages 10.5**   Air  Rise 


Rise  by  Resistance 
Botli  Coils  79**  Rise 
of  Iron  End  Pack- 
ages 24.6**  Middle 
Packages  20*  Air 
Rise  3.6*. 

Fig.  2 


Rise  by  Resistance 
Top  Coll  M.5*  Bot. 
Coll  48.7'  Rise  of 
Iron  End  Packages 
17*  Middle  Pack- 
ages 13.7"  Air  Rise 
2.6'. 


that  there  are  thermocouples  in  corresponding  posi- 
tions slots  1  and  2  and  in  Fig.  2  the  averages  of  the  teinp- 
erature  rises,  for  symmetrical  points,  above  the  in- 
going air  in  degrees  centigrade  are  recorded.  In  Fig  2 
the  temperatures  are  averaged  from  two  thermocouple 
readings  except  those  at  the  middle  of  the  extra  insu- 
lation between  coils,  the  recorded  temperature  rises 
then  being  the  average  of  four  readings. 

A  study  of  the  20  ampere  and  25  ampere  heat 
runs  will  show  that  they  are  consistent  with  each 
other,  if  due  allowance  is  made  for  the  increase  of  the  re- 
sistance of  copper  with  temperature,  and  for  the  weighted 
mean|of  iron  and  air  temperatures.  The  third  heat  run 
with  different  values  of  current  in  the  two  coils  is 
also  as  consistent  with  the  first  two  runs  as  may  be  ex- 
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pected  with  temperature  tests,  due   allowance  having 
been  made  for  iron  temperatures. 
It  will  be  noted  that: 

(1)  There  is  a  large  difference  in  temperatuare  be 
tween  the  inside  and  outside  of  the  coil  insulation. 

(2)  There  is  a  comparatively  small  difference  in 
temperature  between  the  outside  of  the  coil  insulation 
at  the  center  of  the  slot  and  the  middle  of  the  extra 
insulation. 

(3)  There  is  a  marked  temperature  gradient  from 
the  center  of  the  slot  to  the  slot  sides. 

(4)  With  different  values  of  current  in  the  two  coils 
there  is  a  greater  departure  of  temperature  at  the  mid- 
point between  coils  from  the  copper  temperature  in  the 
upper  coil  than  with  equal  currents  in  the  two  coils. 

(5)  Although  the  internal  temperatures  of  the  two 
coils  are  substantially  the  same  at  S3anmetrical  spots 
with  equal  currents,  there  is  a  considerable  difference 
between  the  temperature  on  the  outside  of  adjacent  coil 
sides. 

(6)  The  internal  temperatures  for  sjonmetrical  spots 
in  the  two  runs  with  equal  currents  in  the  two  coils 
differed  very  little  from  each  other. 

(7)  The  internal  temperatures  at  the  top  of  the 
upper  coil  and  at  bottom  of  the  lower  coil  were  lower  in 
all  three  runs  than  the  internal  temperatures  on  the 
sides  of  the  coils  adjacent  to  each  other. 

The  data  prove  the  statements  given  in  the  paper, 
that  there  is  appreciable  heat  flow  to  the  slot  sides; 
that  the  detector  between  coils  does  not  read  the  true 
copper  temperature ;  and  that  the  width  of  the  detector 
influences  the  reading  thereof. 

Conclusion  (5)  brings  out  the  fact  that  there  may  be 
discrepancies  of  considerable  magnitude  as  a  result  of 
unequal  thermal  conductivities  in  the  insulating  wall. 
Although  there  may  have  been  minor  factors  which 
affected  the  temperatures  at  the  outside  of  the  coils, 
the  difference  in  thermal  conductivities,  due  perhaps  to 
better  surface  contacts  between  layers  of  insulation  on 
one  coil  side  than  the  other,  permitted  greater  rate  of 
heat  flow  from  the  upper  coil  than  from  the  lower. 
That  the  internal  temperatures  were  only  slightly  in- 
fluenced thereby,  is  probably  because  the  rate  of  heat 
flow  from  the  other  sides  were  nearly  equal  in  the  two 
coils.  The  temperature  rises  of  symmetrical  points 
in  the  two  slots  also  were  different.  Thus,  in  the  25- 
ampere  run,  the  temperature  rises  at  positions  Ca  and 
Ci6  (Fig.  1)  were  44  and  53  degrees  respectively,  an 
average  of  48 . 5;  and  for  C» and  C21, 57 and  54.5 degrees, 
an  average  of  55 . 7  degrees. 
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Although  suflScient  data  are  not  at  present  avail- 
able, if  conclusion  (6)  were  applicable  generally,  the 
temperatures  on  the  copper  could  be  taken  in  a  smaller 
niunber  of  places  in  a  machine  than  with  the  usual 
method  with  detectors  between  coil  sides.  Data  in 
Fig.  4  of  the  paper  also  show  that  the  percentage  differ- 
ence is  smaller  for  internal  differences  than  between  coil 
sides. 

Conclusion  (7)  should  be  considered  in  conjunction 
with  that  portion  of  the  paper  which  relates  to  the  "lo- 
cation of  the  highest  copper  temperature".  It  is  again 
seen,  that,  owing  to  the  relatively  high  thermal  con- 
ductivity of  the  fibre  wedge  (the  wedge  was  thinner 
than  ordinarily)  the  rate  of  heat  dissipation  from  the 
top  of  the  upper  coil  was  sufficiently  great  to  reduce  the 
temperature  below  that  of  the  copper  at  the  bottom  of 
the  same  coil. 

While  we  have  various  ideas  in  regard  to  what  should 
be  the  limiting  temperatures  in  machines,  we  cannot 
reach  any  decision  as  to  the  limit  until  we  agree  upon  a 
method  of  measuring  temperatures.  Thus,  it  has  been 
suggested  that  we  go  back  to  the  old  method  of  meas- 
urement of  temperature  by  resistance  after  shut-down. 
As  stated  in  the  paper,  that  method  does  not  give  any 
information  in  regard  to  the  maximum  copper  tempera- 
ture, nor  does  it  even  convey  information  as  to  the 
average  temperature  of  the  buried  copper  in  the  slot; 
because  that  method  only  measures  the  average  tem- 
perature of  the  entire  winding  after  shut-down.  This 
will  be  evident  when  we  consider  that  the  end  windings 
are  usually  much  cooler  than  the  buried  portions. 

The  time  that  elapses  after  shut-down,  and  before 
taking  resistance  readings,  is  usually  sufficient  to  per- 
mit of  a  not  inconsiderable  reduction  in  average  tem- 
perature. 
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EDDY  CURRENT  LOSSES  IN  ARMATURE 

CONDUCTORS 


By  R.  E.  OILMAN 

Westinghouae  Electric  Mfg.  Co. 


THE  recent  increase  in  the  size  of  generators  par- 
ticularly of  the  turbo  type  has  compelled  a  more 
complete  investigation  of  the  effect  of  stranded  con- 
ductors in  reducing  eddy  current  losses.  A  reduction 
in  losses  has  been  necessary  to  secure  safe  temperatures 
inside  the  armature  coil,  since  in  larger  units  with  few 
poles  the  ampere  conductors  per  slot  are  necessarily  * 
large  and  the  use  of  deep  slots  is  forced  upon  the  de- 
signer. Further  the  present  practise  of  guaranteeing 
hot  spot  temperature  or  the  safe  heating  temperature 
for  the  insulation,  lends  general  interest  to  the  subject 
and  it  seems  advantageous  for  the  engineering  public 
to  have  more  detailed  information  as  to  the  magnitude 
of  eddy  current  losses  and  as  to  some  of  the  ways  in 
which  these  losses  can  be  controlled  by  the  designer. 

In  looking  up  the  literature  on  the  subject  of  eddy 
currents  in  slot  wound  conductors,  it  appears  that 
there  is  very  little  information  of  practical  value  in 
print. 

One  notable  exception  to  this  general  statement  is  a 
paper,  entitled  "Eddy  Currents  in  Large  Slot  Wound 
Conductors,"  by  A.  B.  Field,  presented  at  the  22nd  An- 
nual Convention  of  the  A.I.E.E.  in  1905.  This  paper 
covers  only  special  applications  of  conductors.  The 
limitations  imposed  in  Mr.  Field's  paper  are  that  the 
conductors  are  either  solid  or  infinitely  laminated  and 
that  the  currents  of  all  conductors  in  same  slot  are  in 
phase. 

In  modern  designs  the  stranding  of  conductors  is 
limited  to  a  finite  number  of  strands  depth-wise  and 
there  is  often  a  large  difference  in  loss  between  solid  bars 
and  infinitely  standard  bars  of  the  same  total  cross 
section.     So  it  becomes  of  interest  to  investigate  the 
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effect  of,  say,  three  or  five  strands.  In  the  second  place 
in  large  two-pole  machines,  for  example,  special  strand 
groupings  are  sometimes  desirable  for  mechanical  rea- 
sons. And  lately  it  is  almost  universal  practise  to  use 
short-cord  windings  and  therefore  have  conductors  in 
the  same  slot  carr3dng  currents  of  different  time  phase. 
For  these  reasons  the  writer  ventures  to  put  forward 
the  discussion  which  follows,  as  it  may  be  of  interest 
as  additional  data  on  a  subject  which  has  never  been 
thoroughly  discussed. 

It  is  proposed  to  cover  the  following  ground: 

1.  Develop  formula  for  the  calculation  of  the  den- 
sity in  any  point  of  a  current-carrying  wire  (strand  or 
conductor)  provided  the  magnitude  of  the  current  in 

•  that  wire  and  the  total  current  in  all  the  wires  below 
it  in  same  slot  are  known,  together  with  the  phase  re- 
lation of  these  currents. 

2.  The  calculation  of  this  density  will  involve  the 
evaluation  of  four  constants  of  integration  which  are 
discussed  in  Part  2. 

3.  The  development  for  the  general  case  of  the  loss 
in  a  solid  bar  as  compared  to  the  same  bar  with  uni- 
formly  distributed  current. 

4.  The  development  of  the  loss  ratio  in  an  infinitely 
stranded  conductor  with  various  arrangement  of  group- 
ings and  the  discussion  of  the  effect  of  end  windings  in 
this  case. 

5.  Approximation  formula  for  the  loss  ratio  of  solid 
bars  and  the  discussion  of  the  limitation  of  its  applica- 
tion. 

6.  Mathematical  solution  of  current  values  in  vari- 
ous strands  for  any  number  of  strands  and  any  arrange- 
ment of  these  strands.  Development  of  formula  for 
the  equivalent  loss  ratio  for  a  stranded  conductor. 

7.  Examples  of  the  application  of  the  formulas  to 
various  grouping  arrangements  in  the  case  of  two 
strands. 

8.  Examples,  same  as  in  section  7,  but  using  three 
strands. 

9.  Comparison  of  results  in  the  case  of  solid  bars, 
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with  two  strands,  three  strands  and  mfinite  strands, 
and  the  development  of  the  law  for  any  number  of 
strands. 

10.  Test  data  covering  the  comparison  of  calcula- 
tions and  tests  with  various  equivalent  thicknesses  of 
strands,  various  ratios  of  length  of  buried  coil  to  free 
ends,  and  various  number  of  strands  per  conductor 
from  one  to  six. 

In  slot-wound  conductors  surrounded  on  three  sides 
by  iron  there  are  two  fluxes  which  produce  eddy  currents. 
The  first  flux  is  the  one  due  to  magnetomotive-force 
of  the  field  and  enters  at  the  top  of  the  slot  adjacent  to 
the  gap.  The  strength  of  this  field  can  be  regulated 
by  proper  design  proportions,  such  as  overhanging 
tooth  tips,  sunk  coils,  or  magnetic  wedges  and  the  use 
of  low  flux  densities  in  the  teeth.  This  source  of  eddy 
currents  is  not  the  subject  of  this  paper  and  will  not 
be  further  discussed.  The  second  flux  is  that  due  to 
the  m.m.f.  of  the  currents  in  the  coil  itself.  A  little 
consideration  will  show  that  this  second  flux  crosses  the 
slot  transversely  from  tooth  to  tooth  through  the  body 
of  the  conductors  and  that  it  causes  currents  to  flow 
along  the  top  edge  of  the  coil  (air  gap  side)  throughout 
the  length  of  the  iron  and  return  along  the  bottom  edge. 
The  eddy  currents  themselves  give  an  additional  m.m.f. 
and  react  upon  the  system  in  such  a  way  that  the  net 
result  is  a  current  density  which  is  always  of  normal 
frequency,  but  varies  jn  magnitude  and  phase  as  a 
function  of  the  distance  from  the  bottom  of  the  con- 
ductor. In  any  plane  that  is  parallel  to  the  bottom  of 
the  conductor  the  magnitude  and  phase  of  the  current 

are  constant. 

This  is  evident  at  once  if  we  assume  that  the  flux  due 
to  the  armature  current  passes  at  right  angles  to  the 
slot  depth  transversely  across  the  slot.  This  assump- 
tion is  made,  also  the  further  assumption  that  the 
reluctance  in  the  iron  circuit  to  this  transverse  flux  is 
zero  and  that  after  a  conductor  reaches  the  end  of  the 
iron  core  that  all  induced  fluxes  link  all  the  elements 
of  any  conductor  equally  and  produce  no  e.m.fs.  to 
cause  eddy  currents  in  the  conductor.  This  latter  cou- 
ditiou  i9  Txoi  strictly  true. 
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I — Calculation   of   Density   at   Any   Point   in   a 

Conductor 

Let  us  consider  a  conductor  carrying  a  current  which 
may  have  any  position  in  a  slot  with  respect  to  other 
conductors  which  also  carry  currents. 
Let  A  =  The  instantaneous  current  density  at  any  dis- 
tance X  from  the  bottom  of  conductor 

X  =  The  distance  from  the  bottom  of  conductor 
of  A 

/  =  The  depth  of  conductor 
a  =  The  width  of  slot 

n  =  The  ratio  of  copper  width  to  the  slot 
width 
a  ri  =  The  copper  width 

□  p  =  The  specific  resistance  of  copper, 

«J»-  which  is  taken  as 0.625  X  10*ohms 

per  cu.  inch  at  0  deg.  cent. 

CO  =  27r  '^ 

□  ^^  =  The  frequency  of  current 

V  =  The    instantaneous    value    of    the 
□  e.m.f.  of  self  induction  per  unit  of 

length    produced    at    x    by    the 
transverse  flux. 
At  the  point  x  the  e.m.f.  of  self  induction  is  F;at  a 
point  X  +  dx  this  e.m.f.  is  F  +  dV , 
The  current  density  at  x  is    A,  the  current  is  A  X 

section,  the  resistance  is  — -: —  per  unit  length.     The 

secuion 

resistance  drop  is  A  p  at  x  and  ( A  +  d  A)  p  at  x  +  d  x. 
In  the  element  of  the  conductor  of  width  a  n,  depth 
dx  and  length  unity  the  four  e.m.fs.  given  above  form 
a  closed  circuit  if  the  iron  core  is  of  unit  length.  If  the 
core  is  of  a  length  I  then  the  factor  {  is  multiplied  into 
each  value. 

Since  the  sum  of  all  e.m.ff.  in  a  closed  circuit  must 
be  zero  we  get  at  once 

(F  +  dF)-F=(A  +  rfA)p-    Ap 
or 

a  X      ax  . 
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Let  the  total  flux  up  to  x  =<^ 

Then  at  x  +  d  x  it  is  <^  +  d<^ 

If  the  induction  per  unit  area  at  x  is  j8  then  d<t>  =  P  dz 

and  if  t  is  time 

Then  dV  =  -rb  dx  and  3 —  =  -^  and  -7— r-  =  3—^^ 

dt  dx         dt  dx^      dxdt 

Further  the  current  between  x  and  x  +  dxiaari  Adx 
and  produces  an  increment  of  flux  density  djS 

Whence  d/3  =  ^^Y'^^'^and  f^  =  ^^ 

10  a  ox  10 

If  we  use  volts,  ohms,  amperes,  etc.,  and   A  is  the 
density  per  unit  area 

Tl^^n'^'^        d«/3  ,  -»  =  47rr,dA,_^       d*  A  ^     ... 
^^"'^  d7*  =  dTd^  ^^  "dT^^     =d^''     (2^ 

Let  a*  =  -*  CO  10~®  and  we  get  from  (2) 

P 


CO  d*  A       a^  d  A 


(3) 


2  dx*  d/ 

This  is  the  differential  equation  for  A  in  terms  of  x 
and  t  as  variables  and  the  solution  of  this  equation 
gives  us    A. 

From  the  conditions  of  our  problem  we  know  that 
the  frequency  of  A  is  the  same  as  the  frequency  of 
the  current  in  the  conductor,  also  that  A  is  of  uniform 
value  in  any  plane  of  the  conductor  which  is  parallel 
to  the  bottom  of  the  slot. 

Let  A,„  be  the  maximum  value  of  the  density  at  the 
point  X  under  consideration,  also  let  the  instantaneous 
value  of  current  in  the  conductor  be  J  sin  co  ^  and  let  d 
be  the  phase  angle  between  J  and  A,„.  Then  A,„  sin 
(cot  +  d)  is  the  instantaneous  value  of  the  density  at 
our  point  x. 

An  sin  ((A)t  +  0)  =  A„  sin  co  t  cos  6  +  A^  cos  co  ^  sin 
0  by  expansion  this  can  be  rewritten  A,^  sin  {(»)t  +  0)  = 

A  sin  CO  <  +  B  cos  co  ^  =    A  (4) 

A  and  B  are  functions  of  x  and  J  and  A  is  a  function 
of  X,  J  and  t 
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ft 

From  equations(  3)  and  ( 4) 

[d*A  .       ,   ,  d*B  ,1  03 

\A  coswt—Bsinwt  \a*o) 

r^  +  2a«Bl8m«t  +  F^  -  2a»A]co8w<  =  0 

.  .,      ,       d*A  „   .  „    d*A  „   .  d*B, 

and  therefore  -^,  =   -  2a*  B,   -^,  =   -  2a«  -^' 

^-r  =  —  4a*i4.    -y-i    =2a*A,—j-r    =  2a*  ^-^  and 
dx*  di  dx*  dx' 

^=.-ia*B  (5) 

-^-T  =  —  4a*  A  and  -r-r    =  —  4 a*  5  are  simulta- 

neous  equations  of  the  fourth  degree  in  x  only  and  their 
solution  involves  four  constants  of  integration  for  each 
equation.  Since,  however,  the  equations  are  simulta- 
neous these  constants  for  the  two  equations  are  related 
to  each  other  so  that  it  should  be  possible  to  get  a  general 
solution  of  the  original  equation  ( 3)  involving  only  four 
constants  of  integration.  The  two  equations  of  (5)  are 
linear  in  x  with  constant  coeflScients  of  the  form 

Where  A^,  Ai,  etc.,  are  constants.   For  y  substitute  €"**) 

where  m  is  a  constant  to  be  evaluated.     Since  -y-  €"**  = 

dx 

d^ 
me^  and  -f-2^^  =  m^e^',  etc.,  we  get  after  rejecting 

the  factor  €"". 

A,m»  +  Aim»-i+ +  A  „.i  m  +  A,.  =  0      (7) 

and  any  value  of  m  which  satisfies  ( 7)  corresponds  to  some 
particular  value  of  €""  which  is  an  integral    of  (6). 
Therefore  if  mi,  m2,  ^s,  etc.,  satisfy  (7)  then  y  =  Ci  e^i' 
+  Ci€^2'  +  e^c,  is  the  complete  integral  of  (6). 
From  (5)  we  can  write  D*  +  4a*  A  =  0  if  we  put  D 

d 
for  -J-  and  A  =  Ci  e^^i'  +  0%  €*"!*  +  etc,,  where  mi,  m%, 
ax 

^d  mi  are  the  V2a  multiplied  by  the  four  roots  of 
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Let  C  =  ai  +  J  02  then  Ci  +  Cj  =  2a,  C%  =  ai—  j  Os 
and  Ci  —  C2  =  2  j  02,  Hence  we  can  write  the  solution 
of  equations  (5)  as  follows: 

A  =  2  c""  I  ai  cosa  x  —  oj  sina  x  I  +  2  €"^  I  at  cos 

ax  —  a4sina  xl 

r  1         r       ^^'^ 

5  =  2  €"  1 61  cosa  X  —  62'sina  X I  +  2  e'**  1 63  cos 

ax  —  64sinax 


] 


d^  A 
But-j-j  =  —  2a^JB  and  combining  with  equations  (9) 

■^  =  a  €"*  I  (2ai  —  202)  cos  a  X  —  ( 2ai  +  202)  sina  x  I 

—  a  €"^  I  ( 208  +  204)  cos  a  X  +  ( 2a8  —  204)  sin  a  x  I 

d^  A  \  1 

-T-j  =  2a'  €*"  I  —  202  cosa  x  —  2ai  sina  x  |  + 


I  —  202  cosa  X  —  2ai  sina  x  I 

2  a*  €-«^  [204  cosa  x  +  2aa  sin  a  xl  =  -  2a*JB      

-2a*  JB  =  -  2  a*  €" [2  61  cosa  X  -  2  62  sin  a  xl  - 
2a*  e^  I    2  63  cos  ax  —  2  64  sin  a  x  I     This  reduces 

to  c"|  -  202+  26ilcosax  +  e^j-  2oi-  2M8inax 

+  €""  p  04  +  2  bsl  cos  a  X  +  «-"  p  oa  -  2  64]  sin  a  x 

=:  0    Separating  terms  in  sina  x  and  cosa  x 
€««  j-  2  02  +  2  fell  +  e^\2  04  +  263]  =  ^  and 

€"|-2oi-262|  +€-«^|2o«-2  64|  =(? 

Note:   Through   typographical  error    o    has    been  used  in- 
stead of  a  throughout  paper  in  the  exponent  for  6. 
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And  since  these  equations  hold  for  all  values  of  x 
ai  =  —  62    fl2  "~  61        Oa  =  &4  and  04  =  —  6| 
Substituting  in  equations  for  A  B  and 

A  =  A  sin  w  <  +  B  cos  w  t  the  values  of  A  and  B  from 
(9)   A  =  c"  I  2  ai  cos  a  x  —  2  o^  sin  a  x  I  sin  co  <  + 


€"*^  I  2  as  cosa  x  —  2  04  sina  a:  I  sin  co  i  + 
€"*  I  2  as  cosa  x  +  2  ai  sina  x  I  cos  w  i  + 


I  —  2  a4  cos  a  X  —2  as  sina  x  I 


j-d*  I  —  2  a4  cos  a  X  —  2  as  sina  x  I  cos  co  <,  which  reduces  to 


A  =  2 €"*!  ai  sin  (a  x  +  w  0   +  a2  cos  (ax  +  co  0  I 

—  2  €"^ I  «8 sin(a  x  —  co  0  +  ^4  cos(a  x  —  co  0  I        ( ip) 

This  is  the  complete  solution  of  A  involving  the  four 
constants  of  integration  ai,  a2,  as  and  a^.  The  evaluation 
of  these  constants  is  given  in  Part  2. 

2 — Evaluation  of  Constants  in  the  Solution  op  A 

The  value  of  the  constants  ai,  a^,  a^  and  a^  can  be 
secured  from  the  limiting  conditions  imposed  upon  the 
current  in  any  strand  or  conductor  as  the  use  may  be. 

The  most  general  condition  is  the  one  where  the  current 
J  in  the  wire  under  consideration  can  have  any  value  and 
any  phase  angle  with  respect  to  some  reference  current; 
and  also  the  current  /  below  the  wire  can  have  a  value 
and  phase  in  no  way  related  to  J, 

Taking  a  wire  which  may  be  a  strand  of  the  conductor 
or  a  conductor  itself:  Let  its  depth  be  f,  its  current  J,  its 
phase  displacement  be  6.  Let  A©  sin  (co  <  +  0)  represent 
the  mean  density  if  the  current  is  uniformly  distributed 
over  the  wire.  Let  /  be  the  current  below  the  wire  and 
let  its  phase  angle  be  </>. 

Then  our  limiting  conditions  are 

A,sin(co/+  6)  =  —  f^   Adx  (11) 

f  J  o 
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ldxJx=o^  V^^l 


=  4  ''^  /  cos  (o)  «  +  <i>)  10-»  = 


m.'^ 


10^  (12) 


The  development  of  equation  (12)  is  as  follows: 
For  any  element  of  a  conductor  d  x  the  current  above 
this  element  produces  a  flux  which  links  this  particular 
element  and  all  elements  below  it,  therefore  producing  no 

variation  in  these  elements  or  -3 —  =  0  due  to  this  flux. 

ax 

We  have  then  to  consider  only  the  cur- 
rent in  the  element  and  the  current  be- 


1  r 


f 
f 

i 


I       low  it. 


"■^  Let  the  depth  of  the  wire  be  /. 

^  Consider  only  the  current  up  to  the  wire. 

We  have  called  this  current  /  and  its 
phase  0.    We  have  then  a  flux  density  at  X 
and  all  points  above  it  of  jSi 

j8i  =   —  /sin(w  t  +0)  and<^i  =   -r^    /sin  (w  i  + 

0)  (/  —  z)  is  the  flux  due  to  /  which  links  the  strand 
above  the  element  d  x. 

The  e.m.f.  due  to  0i  in  volts  Ls  Vi. 

Fi  =   ^  10-«  =  —  /  CO  cos( w  <  -f  0)  Ux)  10-^  and 
at  a 

^1^1  =  _  [_   i^/wcos(w<  +  0)lO-»lj^  isnega- 
dx  l         ^  ^'         \d  X  ^ 

tive  as  0i  decreases  when  X  increases.  It  is  readily  seen 
that  when  X  is  zero  that  V\  is  the  only  e.m.f.  producing 
eddy  currents  and  we  derive  our  equation  ( 12)  under 
the  condition  that  x  is  zero.  We  have  from  equation  ( 10) 

p  -T—    =  2p  a  Hai  —  02  —  as  —  04]  sin  w  <  +  [  aj  4- 

02  —  fls  +  04]  cos  CO  <l  ( 13) 

Combining  ( 12)  and  ( 13)  and  remembering 


a}  =  — -—  CO  10 


we  get 


Note:  On  this  page  and  in  remainder  of  paper  the  letter  r 
should  be  substituted  for  y* 
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(ai  —  Oi  —  as  —  04)  sin  CO  i  +( ai  +  02  —  aa  +  04)  cos  co  i 

=  -^/co8(co<+0)  (14) 

and  therefore  grouping  all  terms  together  which  contain 
sin  CO  I  or  cos  co  t  and  equating  each  group  to  zero  we  get 

ai  —  02  =  0^8  T"  ^4  "■  —  sin<p 

al 

01  +  02  =  ^8 fl4  +     COS0  (  15) 


From  ( 11)  4,  sin  (co  <  +  0)  =  i-  /     A  d  x  and  ( 10) 

r  " , 

for  value  of  A  we  get  sin  a;  (   I  oic  ( cos  a  /  +  sin  a  /) 

+  02 €*^(cosa/—  sin  af)  -f  ^a €^^(  —  cosa/  +  sina/) 
+  a4€"^(  sin  a  /  +  cos  a  /)  —  sin  co  <  ( oi  +  o^  —  03  +  04) 

+  cos  CO  <   I  Oi  e^  (sin  a/  —  cos  a  /)  +  Oa  €*^(sin  ck/ 

+  cos  af)  +  08  e^ ( cos  a  /  +  sin cr  /)  +  04  e"^ ( cos  af 

—  sin  cr  /)  +  cos  CO  /  ( oi  —  02  —  oj  —  04)  =  A©  cr  / 

I  sin  CO  i  cos  6  +  cos  co  <  sin  0 1  ( 16) 

All  terms  in  ( 16)  contain  sin  co  t  or  cos  co  t.    Collecting 
each  set  separately  and  equating  to  zero  and  substituting 

the  values  oi  —  a  —  sin0  from(  15)  and  also  J  =  aji  A^/ 

and  we  find  that  ( 16)  reduces  to 

—  I  J  cos  0  +  /  COS0  I  =  ( Oi  +  02)  e"^  cos  a  / 
+  ( oi  —  02)  €*^  sin  cr  /  +  (03  +  04)  €"^  sin  a 

—  (os  —  04)  e^cosaf  —  I  J  sin  0  +  /  sin  0 

=  (oi  +  02)  e'^sin  af  —  (oi  —  02)  e^cos  af+(a$ 
+  04)...  €~^  cosaf  +  (os  —  04)  €"^sina/. 

2         ~  cosha/    1 ^     =  sinhcr/. 

If  we  combine  ( 15)  and  ( 17)  and  if  we  let  cosh  a/  sin  a/ 
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=  p  and  sinh  otf  cos  af  —  g,  we  can  after  rearranging 
obtain  the  following  valuies  for  oj,  at,  Oi,  04 

a,  =  if  I  (p  -  g)  {Jeane+ 1 8m<l>)  +(p+q)  (J  cob  6 

+  /  co8<A)  +{p-q)  le-^  sin  (af  -  4>) 
-(p  +  q)l€-^coa(af-  <f>)\ 

at  =  K  I  {p  +  q)  (/  sin  (?  +  7  sin</>)  -  (p  -  g)  ( J  cos  (? 

+  /  cos<^)  +  (p  +  g)  /  e-^  sin  (a/  -  0) 

+  (p  -«)/e^cos(a/-^)J 

o»  =  Jf  I  (p  -  g)  (Jsinfl  +  /sin<^)  +(p  +  g)(Jco8* 

+  /  C08</>)    —  (p  —  q)  I  ^  sin  (a/  +<^) 
-(p  -  g)/e*'co8(a/+  <^  I 

04  =  a:  I  -  (p  +  g)  (J  sin  e  +  7  sin<^)  +  (p  -  g) 

(J  cos  d  +  7  cos<^)  +  (p  +  g)  7e^  sin 


(af+<l>)  -(p  -  g)7e«'cos(a/+<^) 
Where  K  =  \    '^        ^ 


] 


4i  ajip^  +  q^ 

3 — Excess  Loss  in  Conductor  Due 
TO  Eddy  Currents 

Considering  the  case  covered  in  Part  2  .of  a  wire 
carrying  a  current  J  with  a  displacement  d  and  located 
in  a  slot  over  the  current  /  with  a  displacement  0  we  can 
determine  the  copper  loss  in  the  wire.  To  obtain  this 
loss  we  require  the  average  value  of  A'  with  respect  to  x 
and  the  mean  value  with  respect  to  time.  Let  this  value 
be  known  as  A^. 

1  r^ 

•T  /  A*  d  a:  is  the  square  root  of  the  mean  squared  value 
of  A  with  respect  to  x.    The  time  of  one  cycle  is  from 

zero  to  —  where  '^  is  the  frequency.    —  ==  — 
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The  complete  operation  is  indicated  as 

•tt  2 


^'^  fJ  0^  J  A^dt  =  Ah 


2 
From  10 

A  =  2  c^ I  ai  sin  (a  a:  +  w  0  +02  cos  {ax  +  o)t)\ 

—  2  e~^  I  as  sin  (a  a:  —  CO  0  +  fl4  cos(a  x—o)  t)  I 
For  convenience  leta  x  +  (a  t  =  A    ax  +  cat  =  B  when 

A  =2€"  I  ai  sin  A  +  02  cos  A  I  —  2  e""*  I  a^  sin  j8 
+  04  cos  jS  I 

A*  =  4  e^"  I  a^  sin^i  A +2  ai  02  sin  A  cos  A  +ah  cos^  A  I 
•-  8  I  oi  as  sin  A  sin  B  +  Oi  04  sin  A  cos  JB  I 
+ 1  02  as  cos  A  sin  JB  +  02  04  cos  A  cos  B  I 


] 


[ 


+  4  €"^1  aS  sin^  B  +  2a8  04  sin  JB  cos  B  +  a\ 


cos'  B 
Sin'A  =  ^  —  cos-^ 


=  n  1  -  cos(2aa:  +  2w0  I 


CO 


2  7r 


2  sin  A  ocs  A  =  sin ( 2a  x  +  2  co  0 

^  V     (&)  <«    =0 

Cos'A  =    i  ll  +  cos(2ax  +  2coo] 

=  (c)       etc.  =  i 
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Sin  AsinB     =  i 
Sin  A  cos  B    =  J 

Cos  A  sin  -B    =1 

=  (/) 

Cos  il  cos   =  B  ^ 


Sin*  5 


—  1 

—  2 


I  cos  2  (at  —  cos  2  ax\ 

etc.        =  —  J  cos  2a  a? 

I  sin  2  a  X  +  sin  2  co  n 

etc.       =  3^  sin  2a  x 

I  sin  2  a  x  —  sin  2  co  n 

etc.        =  3^  sin  2a  x 

I  cos  2a  X  +  cos  2  co  M 
8  etc.       =  3^  cos  2a  X 

I  1  —  cos  ( 2a  X  —  2  CO  0  I 

etc.        =  - 


=  (h  ....        -, 

2  sin  B  cos  fi  =  sin  ( 2a  x  —  2  co  /) 

=  (i)        etc.        =  0 

1 1  +  cos(2ax  -  2co0  I 

=  (j)  etc.        =  ^ 

The  average  integrated  value  of  A*  between  <  =  0  and 

27r 


Cos«B 


—  i 

--    2 


.         27r 
<  =    —    or    ^ 
(0  2 


/2  7 
— 
a" 


+  4  ai  as  cos  2  a  x  —  4  ai  04  sin  2  a  x  —  4  02  as  sin  2  a  x 
-  4  02  a4  cos  2  a  X  +  2  e^"'  (03^  +  04^) 
and  this  expression  can  be  called  A^ 


fjo 


A%  d  X  =  Ai 


This  can  be  reduced  to  the  following 

a/Ai^  =  e^^(a^^  +  aj^  -  €1^^  (a^^  +  04^)  +  2  sin  2  a  / 
(ai  as  —  02  04)  +  2  cos  2  a  /  (ai  04  +  a^  as) 
—  ( ai^  +  a2^  —  as^  —  04^)   —  2  ( ai  04  +  a^  as)      ( 19) 

If  in  formula  ( 19)  we  substitute  the  values  of  ai,  02,  as 
and  a4  from  ( 18)  we  can  reduce  to  the  following 

a  f  Ai^  =  2  K^  (p2  +  q2)\  8  |  J  cos  0  /  cos  0 
+  Jsin0/sin0 +  /2(sin^0  +cos20)[  jsinha/cosha/ 


1010  R.  B.  OILMAN  [June  30 

—  sinha/cosa  /  —  cosha/sina/  +  sinha/cosa/  [ 
4  +  j   J*  (sin*  6   +  cos'  5)  [       ]  sinh  a  f  cosh  a  f 

+  sina/cosa/  >   I  (20) 

_a^         1  ,   .  ,     2x  _    cosh 2a/ -cos 2a/ 

^  ""  'ay,(p^  +  q^)  ^P  +^^-  2 

also  since  Ai  is  the  square  root  of  the  mean  squared  value 
of  A  and  Aq  is  the  maximum  value  of  the  average  density 
in  the  wire  therefore  the  ratio  of  loss  is 

72  =  2  -^    whence  (20)  is 

^  ^  of  [  4  j  J  /  cos  (g   -   0)   +  P\ 

a'yi'f'A'o        I  Cosh  2  a/-  Cos  2  a/ 

j  sinh  a  /    —  sin  a  /  [      j  cosh  a  f   —    cos  a  /  [ 
Cosh  2  a/-Cos  2  a/         Cosh  2a/-  Cos  2  a/ 

/+  j  sinh  2  a/ +  sin  2  a/  [  J^ 
Cosh  2  a/  -  Cos  2  a/ 

arifAo  =  /  and  if  we  consider  the  case  where  the  cur- 
rent J  and  /  are  in  phase  then  cos  (0  —  0)   is  unity. 

Let  I  y  +  1 1    =  w-     Then  for  this  special  case  we  have 

conditions  given  in  Mr.  A.  B.  Field's  paper  and  obtain 
the  same  formula. 

R  _  4  (m*  —  m  )     (sinh  a/  —  sin  a/)     (cosh  a/ 

a/" 

—  cos  a/)   +  (sinh  2  a/  +  sin  2  a/) 

Cosh  2  a/-  Cos  2  a/  (22) 

m  in  this  case  is  the  number  of  conductors  in  a  slot 
counting  from  the  bottom  of  the  slot  up  to  and  including 
the  conductor  under  consideration. 

4 — Infinitely   Stranded  Conductors 

The  most  general  type  of  conductor  is  a  stranded  one. 

The  limits  of  stranding  extend  from  the  solid  bar  or  one 

strand   to   infinite   strands.     We   have   developed   the 

eral  case  of  the  solid  bar.    Let  us  consider  the  other 


(21) 
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limiting  case  or  an  infinitely  stranded  bar.  The  one 
self  evident  fact  is  that  with  zero  depth  of  strand  there 
is  no  circulating  current  within  the  strand,  conaequently 
any  circulating  current  within  the  conductor  must  travel 
the  full  length  of  the  conductor  rather  Jhan  just  the 
length  of  the  core  as  in  the  case  of  a  solid  bar.  If  L|  is  the 
length  of  the  conductor  and  L,  the  length  of  the  iron  we 

can  let  7  =  t^-    Then  equation  ( 1)  becomes  in  the  case 

of  an  infinitely  stranded  bar 


-  =  L, 


dA 


-  p    or 


dx      '  dx'' 
Our  general  equation  ( 2)  can  now  be  written 


(23) 


(24) 


A  little  consideration  will  show  at  once  that 

TT  "  T^7pf">ni(23)and3-r  =  4ff-j- 10^ 
dx*       dx*   "^         ^     '        dx*  dt 


^ 

i^iJ 

—" 

'^ 

h 

-^ 

^ 

-; 

RATIO  OF  STRAND  TO  CONDUCTOR 

independently  of  the  value  of  1  below  the  conductor 
under  consideration.    See  equation  (12)  and  note  that 


With  our  general  equation  for  A  as  given  in  ( 24) 

that  IS  -j—r  7  p  =  4  jr  -J-  10^  or  „   .  ,    =  — -rr- 
dx*    '  '^  dt  2  dx*         r  dt 


(24) 


our  limiting  conditions  are  the  same  as  for  equation  (2) 
namely  equation  (U)  and  (12)  and  the  only  diflference 
in  the  solution  of  the  heating  equivalent  is  the  substitu- 
tion in  (24)  of  —  for  a*  in  equation  (3). 
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For  an  infinitely  laminated  conductor  of  the  depth  /  we 

/ 
can  take  our  losses  from  the  solid  bar  of  a  depth  of  -7=* 

In  the  above  we  have  taken  the  case  where  all  strands 
are  short-circuited  at  each  end  of  one  conductor  or  half 
a  turn.  In  stranded  conductors  there  are  in  general 
use  two  kinds  of  coils  which  differ  from  this  construc- 
tion. In  these  coils  t^e  strands  are  short-circuited  at 
the  start  and  finish  of  the  completed  coil.  The  coil 
itself  may  consist  of  one  or  more  complete  turns.  The 
two  types  of  coil  diflfer  in  the  relative  location  of  the 
strands  in  successive  conductors.  In  this  paper  the 
types  are  designated  as  "straight  up"  shown  in  Fig.  1 
and  "turned  over"  Fig.  2. 

In  Fig.  1  the  winding  order 
strand  1  coil  A  to  strand  1 


1 


2  . 


^4 

124 


1-2+ 


^4 


r; 


B' 


C 


D' 


1 


1  ~ 

A 

B 

B" 
A' 

4 

1- 
«4 
\2 

i* 

84 

1  »i 

1  4 

0* 

34 

B' 


A' 


Fig.  2 


A  B  C,  etc.,   but  we  find  that 


IS 

coil  A'  to  strand   1   coil  B  to 
strand  1  coil  B'  and  so  forth. 

The  relative  location  of  strand 
1  in  coil  A  A'  B  B'  eic.ia  always 
the  same. 

In  Fig.  2  the  winding  order 
is  strand  1  coil  A  to  strand  1 
coil  B'  to  strand  1  coil  B  to 
strand  1  coil  B\  And  the  relative 
position  of  strand  1  in  coil  A  and 
B  is  the  same  but  is  reversed 
with  respect  to  the  bottom  of  the 
slot  inA'B'. 

In  the  case  shown  in  Fig. 
1  we  see  that  V  varies  in 
value  depending  upon  whether 
we    are    considering    conductor 

A 
dx 


[ 


S  F  —  7  np  A 


] 


=  0  where  n  is  the  number  of  conductors  per  slot  depth- 
wise,     -r-;  =  4  7r7  —7-  10~®  for  any  value  of  V  with  the 
cte^  at 

same  value  of  X  no  matter  which  conductor  is  considered. 
Our  fundamental  equation  for  A  is  the  same  as  in  the 


\ 
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previous  case,  that  is  3—;  =  4  x  -3-  10^  =  -7-7  7  p 

ax*  di  dx^  /24) 

and  our  limiting  conditions  are  A  o  sin  w  i  =  -^  /     A  dx 
and  when  x  =  0 

rnp(^)     ""  10-*4-wJcoswMl+2+3+  +n-ll 
\dx/x  =  o  a  I  J 

or    7P^  =10'4— ^^-^J/co8«<  (25) 

These  limits  result  in  a  solution  for  R  the  same  as  ( 22) 

n  — 1 
except  that  -—r-  J  in  (25)  replaces  /  in  equation  (12). 

J  is  th^  current  in  the  conductor.     Therefore  in  place 
of  (22)  we  get  an  equation  in  all  respects  similar  except 

that  — ^ —  replaces  m  ~  1  or  — - —  replaces  m 

fl=       Y5^iy8inAa/ycosAa/V/8inh2aA 
f  V    4    /\  — sina/zV  —  cosQ;//     V+sin2a// 

"•'  cosh  2a  f  -  cos  2a  f  (26) 

and  jR  is  the  equation  of  the  ratio  for  the  average  loss 
of  all  conductors  in  the  same  slot. 

Considering  the  case  in  Fig.  2  limited  to  infinite 
stranding  and  no  phase  displacement  in  currents  in  the 
conductors  shown  in  the  top  and  bottom  coils  in  the 
same  slot  and  we  find 

^r^T7  a1  ^dv  d  A 

^[2F-7npAj  =  oorS^  npj^ 

d^  V  d  A 

-— -  =  47r7  —z-  10  ®  as   before    and    our   limiting 

equations  are  Aosin  o)  t  =  j  /    Adxand  S  -r-  for  lower 
half  of  slot  when  X  =  0  or  — 

10"*  -7  w  J  cos  w  <  I  0  +  1  +  2  + 


a 


[0  +  1  +  2+     +(^-1)] 

and  2—  for  upper  half  of  slot  when  x=f  or 

(JL  JC 

_  10-»  ^  to  J  cos  a)/|n  +  (n  -1)  +  (n-2)+  +^+ll- 
Therefore  7  P  ^  =  10"^  -  (^)  Jcoswt  ^  ( 27) 
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These  limits  result  in  a  solution  for  R  the  same  as  (22) 

n  +  2 
except  that r —  replaces  (m— l)and  R  is  the  equa- 
tion for  the  ratio  of  the  loss  of  all  conductors  in  the  same 
slot — 

D        yn*"4\  Ysinha /\/cosha/\  , /sinh  2a/\    . 
^==^-1.T6-K--8ina/A"eosa/;+U3in2a/>/ 

cosh  2a  f  -  cos  2a  f  (28) 

In  both  of  these  cases-^is  used  in  place  of /to  get  the 

V7 
proper  loss  ratio. 

The  development  of  this  case  of  infinite  stranding  has 

been  gone  through  is  in  order  to  show  that  R  is  of  the 

same  general  form  for  all  cases  considered  and  that  an 

equivalent  depth  of  conductor  can  be  used. 

5 — Approximate    Formulas    for    Losses    in    Solid 

Bars 

From  formula  (21) 


fl=   [icos(0-0)+j^] 

[.     ^(sinhcx/  —  sing/)  ( cosh  g/  —  coscy/)| 
cosh  2a/ —  cos  2a/  J 

,   Fa/sinh  2a/  +  sin  2a /I 
L    cosh  2a/ —  cos  2a/  J 

We  can  for  convenience  let 

TTf   _  A      Asinhaf  —  sina/)  (cosha/  —  cosa/)  _ 

cosh  2a/ —  cos  2a/ 
2     ^(sinha/  —  sina/)  ^  ^      .sinh  2a/+sin2a/ 
cosha/ +  cosa/      '  cosh  2a/  — cos 2a/ 

Let  us  investigate  these  equations  for  ilf,  and  0,. 
If  we  develop  sinh  Xi  sin  x  etc.  in  series  we  get 

X^  Xh  X 

Sinh  X    =^  +  r3"  +  r5+ry  ®^^- 

<jf«3  oi."  <*•• 

Sin  X       =a;  —  nr  +  rr  —  rs"  etc. 

[3       [5       [7 


x^    .    a:^    .    X* 


Cosh  X    =  I  +rw  +  i-r  +  r^  etc. 

[2       ^      [6 


a:^    .    x^       x^ 


Co8X      =l--  +  -_-etc 
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If  for  convenience  we  use  x  for  af,M  becomes 

tU — y= J —  =  ~-0.01x«approx. 

Li    LI  (29) 

For  all  practical  purposes  when  x  is  less  than  1 

Similarly  for  0, 

[-     ,„x»,32a:»,l      .r_       8  x»  ,  32a:*   .    1 

or  since  x  =  af 

n       1  a-  8  ,    .X4  (30) 

for  all  practical  purposes  when  a  /  <  1 

In  modern  day  machines  we  will  find  that  a/  is  less 

2  TT  'Vi 

than  unity  cy^  = 2  tt  ^^  lO"'  in   c.g.s.    system 

p  =  625  10~'  per  cu.  in.  at  zero  deg.  cent. 

625  Vl  +  . 00427  0    K 

for  6  deg.  cent. 

For  high  voltage  machines  71  is  approximately  0.6  and 
for  /^  =  60a  at  100  deg.  cent,  would  be  0.334  X  6  =  2 
abt. 

a/  is  <  0.75  for  a  5^  in.  deep  strand  even  in  case  of  60 
cycles. 

Therefore  for  all  cases  which  we  care  to  consider 
values  of  0,  and  A/,  can  be  taken  from  formulas  (29) 
and  ( 30) . 

6 — Solution  for  Currents  in  Strands 

In  the  paper  up  to  the  present  stage  we  have  consi- 
dered only  the  two  limiting  cases  of  a  stranded  conductor, 
that  is  the  solid  bar  and  the  infinitely  laminated  bar. 
We  have  found  that  an  equivalent  solid  bar  can  be  sub- 
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stituted  for  an  infinitely  laminated  one,  and  that  the 

equivalent  depth  of  substituted  bar  is  -7=  times  the 

V7 

depth  of  the  stranded  conductor;  7  is  the  ratio  of  total 
length  of  the  conductor  to  the  embedded  length. 

If  we  express  in  rectangular  coordinates  this  relation 
using  the  values  of  the  equivalent  depth  of  bars  as  or- 
dinates  and  the  ratio  of  strand  depth  to  conductor  depth 
as  abscissas  we  obtain  two  limiting  points  for  each  value 
of  7.  It  is  reasonable  to  assume  that  these  terminal 
points  can  be  connected  with  a  curve  at  least  under 
certain  limiting  conditions  and  we  shall  now  investigate 
this  possibility. 

So  far  we  have  a  formula  from  which  we  can  calculate 
the  density  of  current  at  any  point  of  a  conductor  car- 
rying a  current  J  of  known  value  and  of  known  phase  d 
provided  we  know  the  value  of  the  current  /  below  J 
and  the  phase  of  /  or  </>. 
This  formula  is  (10). 

A  =  2  e'^lai  8m(a  X  +  (jj  t)  +  02  cos  (ax  +  coOl 

+  2  €"***  las  sin  ( a  X  —  (a  t)  +  ai  cos  (ax  —  0)t)\ 

di,  02,  as,  and  04  are  constants  dependent  on  the  value 
of  the  current  J  and  its  phase  angle  d  in  the  conductor 
or  strand  and  of  the  current  /  and  its  phase  angle  0  for 
the  current  below  the  strand.  When  we  know  /,  0,./  and 
0  we  can  write  the  loss  ratio  in  the  strand  from  formula  (21) 

R  =   1   r|  J/COS(0   -0)  +  /2|ms  +  J2  0,l 

If  we  take  the  case  of  a  stranded  conductor  where  the 
number  of  strands  is  finite  wc  can  calculate  the  currents 
and  phase  displacements  for  the  strands  and  the  relative 
loss  in  each  strand.  Let  us  take  the  phase  angle  for  a 
conductor  current  as  d^  and  the  current  as  J^ .  Let  the 
conductor  have  any  number  of  strands  ( say  n)  and  des- 
ignate the  sin  and  cos  components  of  these  strands  as  Jn 
sin  On,  JfTi  sin  0„-i,  Jn  cos  0„,  y„-i  cos  0„-i,  etc.  For  con- 
venience we  will  write  these  respectively  ,Jn,  tJnni  eJny 

eJn'U  etc. 

In  any  stranded  conductor  between  the  points  of 


1920]  R.  E.  OILMAN  1017 

common  short  circuit  of  all  strands  which  go  to  make 
up  a  conductor,  if  any  two  strands  are  adjacent  at  any 
point  they  will  be  adjacent  throughout  their  entire 
length.  It  is  possible  therefore  to  sum  all  the  voltages 
in  adjacent  strand  edges  and  equate  them  since  the 
insulation  thickness  between  strands  can  be  taken  as 
negligible.  In  this  way  2  (n-1)  equations  can  be  ob- 
tained in  solving  2  n  unknown  quantities  (tJn  fJfn 

eJn  eJn-i etc.)  and  the  other  two  equations  needed  to 

n 

evaluate  all  unknown  quantities  are  X  cJx  =  Jo  cos  0^  and 

n  1 

2  ,J,  =  Jo  sin  Oq  .     We  have  therefore  a    method   for 

obtaining  R  for  any  stranded  conductor  provided  we 
are  able  to  manipulate  it. 

In  Part  4  we  considered  the  case  of  infinitely  stranded 
coils  and  in  Figs.  1  and  2  illustrated  "straight  up''  and 
"turned  over''  coils.  It  may  be  well  to  point  out  here 
that  there  are  various  modifications  of  these  types;  for 
example,  all  strands  which  go  to  make  up  a  conductor 
can  be  short  circuited  at  the  end  of  a  half  turn,  a  full 
turn  or  only  at  the  end  of  a  coil,  where  the  coil  may 
consist  of  one  or  more  turns;  also  in  the  case  of  coils 
shown  in  Fig.  2,  Pari  4,  the  currents  in  the  conductors 
A"  B'\  etc.,  may  be  of  different  phase  from  those  inABy 
or  in  the  event  of  only  one  coil  per  slot  turned  over 
there  will  not  be  any  conductors  A"  B". 

Treatment  of  all  these  factors  will  be  considered  in 
the  remainder  of  this  paper.  The  final  formulas  will 
give  the  equivalent  loss  ratio  for  such  a  group  of  con- 
ductors as  will  be  included  in  a  common  insulating  cell 
from  ground.  That  is  in  the  case  of  one  coil  side  per 
slot  the  ratio  for  the  entire  slot  will  be  given.  While 
in  the  case  of  two  coil  sides  per  slot  the  upper  and  lower 
coil  sides  of  this  will  be  given  separately. 

Let  us  investigate  the  case  of  a  coil  wound  straight 
up.  The  strand  arrangement  is  then  as  shown  in  Fig.  1 , 
Part  4.  The  winding  order  is  strand  1  coil  A  to  strand 
1  coil  A'  etc.  We  can  consider  a  full  turn  as  our  unit 
or  since  each  conductor  has  relatively  the  same  position 
in  the  second  slot  we  can  consider  a  single  wire  as  the 
unit.     Let  It  be  length  of  the  conductor,  U  the    length 
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of  the  iron,  and  7=7.     Then  the  length  of  the  end 

winding  =  ?i:;i-?i  =7-1. 

In  the  bottom  edge  of  the  n^  strand  and  the  top  edge 
of  the  (n-1)  strand  the  summation  of  e.m.fs.  is  zero, 
provided  we  neglect  the  flux  that  leaks  through  the 
insulation  between  strands.  We  will  also  assume  that 
no  unbalanced  e.m.fs.  are  induced  in  the  strands  be- 
yond the  iron  length  of  the  conductor.  Let  V  be  the 
induced  e.m.f.  per  unit  length  in  the  core;  use  n-iFi  to 
represent  this  e.m.f.  at  the  top  of  the  (n-1)  strand,  and 
«Fft  to  represent  this  e.m.f.  at  the  bottom  of  the  n* 
strand,  etc. 

Then  ii  «-iF, +  p„.iA,  I,  +  J„.isin(co^  +  0,-i)p^^  = 

UnV,  +  p  nAtli  +  JnSmio)  t  +  On)  P  ^^ 

7—1 

orn-i A|  +  Jn-i  sin    (co  t  +  dn-i)  -— -r  =  n^  +Jn  sln 

ayi  n 

a7i  n 

Where  a  is  the  width  of  the 
slot  h  is  the  depth  of  the  strand, 
a  yi  h  is  the  section  of  the 
strand. 

Equation  (31)  can  be  combined  with  equations  (10) 
and  (18)  to  give  us  relations  involving  J„i  and  J«  d,»-i 
and  On-  From  the  general  equation  for  A  (10)  we  can 
conveniently  express  n-i  \  and  „  A^  at  the  two  intervals  of 

time  represented  by  co  ^  =  0  and  a)t  =  -.     At  the  top 

of  the  strand  in  (10)  a  a:  is  replaced  by  a  A  therefore  Af  = 
2  sin  a  A  {^ai  +  €^03)  +  2cosa  h  (e^^o^  -  €"^04) 
when  CO  <  =  0  (32) 

A|  =  2  cosa  A  (^  ai  +€-^*  as)  -  2smah  (^a^  +  e^ a^) 

when  CO  <  =  - 

At  bottom  of  the  strand  in  (10)  a  a:  is  zero. 

Aft  =  2  (02  —  04)  when  co  <  =  0  A^  =  2  (oi  +  aj) 

V.         .      ^  (33) 

when  CO  <  =  -  ^    ^ 
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We  can  now  put  the  values  of  ai,  02,  aj,  and  04  in 
equations  (32)  and  (33). 

In  equation  (18)  we  had  formulas  for  Oi,  02,  etc.  The 
value  of  J  in  (18)  is  the  strand  current  and  /is  the  total 
current  below  the  strand.  It  will  be  noticed  that  these 
equations  can  be  rewritten  as  follows: 
ai  =  X  \(p-q)Jt+{p  +  q)Ji-[(p  +  q)  ^"^  sin  a  h 
+  (P  -  q)  €"^*  cosa  h]  Jj,  +  [(p  -  g)€"^  sina  h- 
(P  +  q)  e~^  cosa  h]  eh 
oa  =  X  {  (p+g),/i-(p  -  q)  cli+  [(p  -  q)  e-^ sina  h 

-  (P  +  q)  €"^  cos  a  h]  ,h  +  [( P  +  g)  €^  sin  a  h 
+  {p  -  q)e^  cosa  h\  Jb  (34) 

a,  =  /S:  \(p-q)Ji+{p  +  q)cIt+[{p  +  q)^  sina  h 

—  {p  —  q)  ^'^  cosa  h]  ,/ft  —     [(p  —  5)  €^  sin  a  h 
+  ip  +  q)^co8ah]ch 

04  ^  K  {  -  (p  +  (?)  ,/i  +  (p  -  (?)  Jt  +  [(P  -  g)  c^  sin 
«  A  +  (p  +  g)  c^  cos  a  A] ,/»  +  [(p  +  g)  €"*  sin 
a  h  —  {p  —  q)  e^  cosa  A]  «/& 
Where  ,/|,  ^/i  are  the  sin  and  cos  components  respect- 
ively of  all  currents  from  the  bottom  of  slot  up  to  and 
including  the  current  in  the  strand  under  consideration. 
Similarly  /» is  the  summation  of  currents  below  the  strand 
under  consideration. 

By  substitution  (34)  in  equation  (32)  we  get 
2  sina  h  [e""^  oi  -  €^  az]  +  2  cosa  h  [€^  02  -  €"^  04] 

=  4  /i:  [Hd  +  e)  ,/,  -  Hd  -  e)  Ji  -ip  +  q) 
,/ft+(p  -  q)ch]  =  Aoco<  =  0 
2  cosa  A  [e'^  ai  +  e"^  03]  -  2  sina  A  [€"*  02  +  €""*  aJ 

=  4  if  [Hd  -  e)  ,/,  +  i  (d  +  e)  J,  -  (p  -  (?) 

,/ft  -  (p  +  g)  eh]    =   Ao  CO  <  =  - 

2(0,-04)  =4ii:[(p  +  q)  J,^(p^q)J,-i(d  +  e) 

»h  +  Hd  —  e)  eh]    =  Aft,  CO  <  =  0 
2(ai  +  a,)  =4/i:[(p-(7),/, +(p  +  (7)Ji-Hd  -e) 

./ft  -  i (d  +  e)  eh]   =  Aft,  CO  ^  =  -  (35) 

In  these  equations  (f  is  sin  2a  A    =  2  sina  A  cosa  A 

e  is  sinh  2a  A  =  2  sinha  A  cosh  a  A 
also      (d  +  e)  =2  [sinha  A  sina  h{p  —  q)  +  cosha  A 

cosa  A(p  +  g)] 
—  (d  —  c)  =2  [sinha  A  sina  h{p  +  q)  —  cosh  a  A 

cosa  A(p  —  q)] 
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The  above  expressions  ( 35)  for  At  and  A^  when  co  Ms 
zero  and  ^  are  general  equations  and  are  true  for  any 

strand  provided  the  proper  currents  are  used  in  obtaining 
the  values  of  ,/i,  eL  and  ,7^,  Jb-  Consider  the  case  of 
an  even  number  of  conductors  per  slot  say  m  when  we 
have  two  coil  sides  per  slot.  Let  us  evaluate  the  ex- 
pression for  the  X  and  ( x—  1)  strands  of  the  i/'^  coil  above 
the  center  line  of  the  slot.  Where  the  currents  in  the 
bottom  half  of  the  slot  are  displaced  by  the  angle  j8 

Jt  =^  2  n/  +  ^  Jo  sin  j8  +( t/  -  1)  sJo 

*  71% 

Jt^  ^eJ  +2  Jo  COS  0  +  {y  -I)  cJo  I  If  do  is  taken  as 

x-i  ^  /      zero,  then  ,J« 

./ft=  2,J  +  - Jo  sin  j8+(t/  -  l),Jol      =0,     e^o  =  ^o. 

cI,='ZcJ  +  ^JoCos0  +  {y-l)Jo  J  (36) 


At  such  time  as  co  Hs  zero,  if  we  substitute  values  from 
( 35)  and  ( 36)  in  ( 31)  we  obtain 

-(P  +  9  +  2c),J,  -(p  +  q  -  2  c  -  d  -  e)  ,J,., 
-{2v  +  2q-d-e)  '1  ,J  +{v  +  q)  cJx+iv  -  g 

o 

-  d  +  e)    cJx^  +    i2p   -  2q  -  d  +  e)    'x  cJ 
=  [2(p  +  g)-(d  +  e)]   [|7.  sin/s]  -  [2(p 

-q)  -id-  e)]  [(2/  -  1)  J,  +  f  /,  cos  /s] 

At  such  time  as  co  <  =  —  we  get 

-  (P-    q)»Jx-   (p  -  q  -  d  +  e)  ^,-1  -  {2p  -  2q 

-  d  +  e)    2\j  -   (p  +  q  +  2c)   J^-   (p  +  q  -  d 

0 

-  e  -2c)  J^.i  -  (2p  +  2g  -  d  -  c)  sV  =  I  2  (p 

-  (?)  -  (d  -  e)]|  J,  sin  /3  +  [2(p  +  g)-(d+c)] 


[(y-Dc/.  +  f /.cos^] 


Where  2c  =  "^ — {    -^  =  '^—riV  +  t)      (36A) 

a7in4rL  ah 
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These  two  equations  can  be  simplified  and  rewritten 
(p  +  c)  ^,  -  (d  -  p  +  c)  ,J,-,-  (d-2p)  2  ,J 

0 

+  (q  +  c)J,-{e-q  +  c)  cJr-i-(e  -  2q)  'xj 

0 

=  Ki    iq  +  c),J^-{e-  q  +  c)  .7,-i  -(e-2q))  (37) 
zV  -  (p  +  c)c/,  +  (d  -  p  +  c)  cJ,.i+(d  -  2p) 

0 

s-2 

2,7  =  if, 

0 

Where  ifi  =(d-2p)  [^  Josinjsl  +  (e  -  2q) 

\cJo  (2/  -   1)    +  ^  JoCOSjSj 


I  ^  JoSinjS  J 


(38) 


K2^(e-2q)\'-j^  JoSinff       -  (rf  -  2p) 


lc^o(t/  -  1)   +  ^  Jo  cos  jSl 


Since  we  have  taken  any  two  strands  the  x  and  the 
(x-l)  in  the  2/*  conductor  above  the  center  line  of  a  slot 
where  there  are  two  coil  sides  per  slot  carrying  current 
with  phase  displacement  or  jS**,  therefore,  we  have  a  per- 
fectly general  solution  for  a  strand  in  any  position  above 
the  center  line  of  a  slot,  for  a  coil  wound  straight  up. 
For  a  strand  below  the  center  line  y  is  counted  from  the 
bottom  of  the  slot  and  terms  Jo  sin  0  and  Jo  cos  j8  are 
zero.     So  we  can  write  for  this  case 

ifi-(e-2g)[(t7  -   l)c/o]     (^-2(7)[(f- 

y)cJo\ 


or 


[(f-J/UoJ 


[(y-Dc^oJ 


(38A) 


Kt=  -(d-2p)\iy-l)Jo\-{d 


2p)\[j-y)cJ, 

if  y  is  counted  from  center  line  of  slot. 

Obviously  these  same  limitations  apply  to  a  case  of 
one  coil  per  slot  where  y  is  counted  from  bottom.  It  is 
also  quite  apparent  that  if  we  strand  continuously  that 
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the  only  term  which  will  change  in  Ki  and  Kt  is  the  co- 
efficients of  cJo  and  that  this  will  have  the  average 

"*  in "~"  1 

value  of  2  ( 2/  —  1)  or  — ^r—  in  the  case  of  one  coil  per  slot. 

1  ^ 

Equations  ( 37)  and  ( 38)  with  modifications  enable  us 
to  solve  for  the  sin  and  cos  components  for  any  strand 
in  any  coil  wound  straight  up. 

The  turned  over  coil  can  be  solved  in  exactly  the  same 
manner.     In  Fig.  3  we 
show  the  relative  posi-  ■*_:*_?!??j.^ 


tion  of  the  X  and  (X—I)         y Conductorif^-^^— ^*^— v  *'  strand 


won  ot  tne  x  and  (x—l)      yConductorjj^--^^— ^*^— v 

strands  in  the  usual  type  j_    Center  une |  ■ 

of  coil  where   two   coil 


yab^ji^uEdUK^a^uBa^ 


sides  per  slot  are  used.  Fig.  3 

Consider  all  strands  which  go  to  make  up  a  conductor 
short-circuited  each  end  of  a  full  turn  and  assume  that 
the  currents  in  the  bottom  half  of  any  slot  are  fi^  out 
of  phase  with  the  currents  in  the  top  of  the  slot. 

We  get  an  expression  for  the  e.m.fs.  in  the  bottom 
edge  of  the  x  and  top  edge  of  the  (x-1)  strand  summed 
around  closed  circuit  similar  to  (31). 

7  —  1  — 

„_lA,  +  „_i  Aft  +  2  Jn_i  sin  (  CO  <  +  d)n.l    '— — ^  =  n^b  +t^  + 

2JnSm{iot  +  en)  \^^  (39) 

ayi  n 

in  which  ^-i^t  is  the  density  in  the  bottom  of  the  (n-1) 
strand  of  the  j/*  conductor  below  the  center  line  of  slot, 
etc. 

This  equation  can  be  combined  with  ( 35) ,  using  proper 
values  for  ,/|,  ,/&,  etc.,  for  the  strands  above  and  below 
the  center  line  of  the  slot. 

In  the  case  of  a  turned  over  coil  these  values  for  the 
x^  strand  of  the  y^  conductor  above  center  line  are 

J,  =  2 ,/  +  (t/  -  1)  ,Jo  +  -;r-  J^  sin j8 

o  ^ 

,7,  =  2  ^  +  (j/  -  1) ./,  +  -^  /,  cos/3 
, Jft  =  2  ,J  +  (t/  -  1)  ,/o  +  ^  Jo  sin  ^ 


c/ft  =    XcJ  +(y  -   1)  »Jo  +  -K-   Jo  COS  P 
o  ^ 
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and  for  the  same  strand  below  the  center  line 


.Z.  =  (^-,  +  l) 


y  +  1 1 ./.  -  s  ,^ 


"2   -  y  +  ^\cJo'-  2cJ,  etc. 

Substituting  these  values  in  39  and  combining  with 
35  we  obtain  when  co  ^  =  zero. 
^  (P  +  Q'  +  2c)  ^,  -  (p  +  g  -  d  -  e  -  2  c)  ,J^i  — 

x—2 

(2p  +  2g-d-c)2,J+(p-g)^,  +(p-g- 
d  +  o)  e^*.i  +  (2  p  -  2  (?  -  d  +  e)*sV  =  r2(p  +  g)- 

(d  +  e)  1    [-J  /.sin  /3l    -  F  2  (p  -  g)  -  (d  +  e)l 

\{y  —  -J—  1)  <!«^«  +  -7-  +  •'o  cos  /3  I  and  when  u  t  =  -^ 
-  (P  -  q)  ^x  -  {p  -  q  -  d  +  e)  ,J,.i  -  (2  p  -  2q  - 

x—2 

d  +  e)  S^-  <p  +  g  +  2c)  Jx-  (p  +  q-d-e-  2  c)  Jx-i 

O 

-(2p  +  2g-d-  c)^^  =  [  2  (p  -  g)  -  (d  -  6)1 
J^  JoSin^]  +  J2  (p+(7)-(d  +  6)1  [(2/  -  ^  -  DcJo 

+  -^  Jo  cos  j8 1 

These  two  equations  rearranged  and  rewritten  are  the 
same  as  (37)  except  the  values  of  Ki  and  Kt  will  be  for  a 
turned  over  coil  which  is  short-circuited  at  the  end  of 
each  turn. 

ifi=(d-2p)r-Jj,sin^l  +  (e-2g)r(t/- 

^  -  l)cJo  +  ^  Jo  COS  j8  I 
K,=^{e-2q)  I^J.sin^l   -(d-2p)  Uy  ^ 

-^  -  1)  cJo  +  -^  Jo  cos  j8 1 
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For  the  case  of  one  coil  per  slot  turned  over  short- 
circuited  at  the  end  of  each  turn. 

[-  Since  Jo  sin  fi  \ 

y^  HL  -lleJ^       and  J,  cos  ^  are  i 
zero,  -y  m  this  \(4oA) 

^2=  -{d'-2v)\y-  —  -l\cJo  caseisnumberof ( 

I         4         J       conductors    per  1 

slot.  / 

For  continuous  stranding  two  coils  per  slot,  the  co- 
efficient of  cJo  is  the  only  term  to  change  and  this  he- 
rn 

comes  the  average  value  ofS(y  — T""l)  * 

X,  =  (d-2 p)  -J  J,  sin  /3  +  (c-  2 q)  F-^  J, cos  /3 

—  i  c^o  I 

Kt  =  {,e-2  q)  -^  J.  sin  /3  -  (d-2  p)  I  -J  /.cosjS 


-icJ, 


] 


And  for  one  coil  per  slot  continuous  stranding, 

K,  =  (6-2(7)  [-  \Jo]     K,=  --{d-2p)  [-Uo]      (40C) 

W9  have  now  determined  the  equations  necessary  for 
the  solution  of  the  sin  and  cos  components  for  any  strand 
in  any  of  the  coil  arrangements  of  the  types  shown  in 
Figs.  1  and  2.     The  solution  is  made  at  once  from  equa- 

n  n 

tion  (37)  and  the  conditions  that  S  ^  =  zero  and  X  gJ—Jo 

o  o 

by  the  aid  of  determinants. 

Equation  (37)  will  be  simplified  if  we  note  that  when 
c  =  0  we  have  a  solid  bar  and  that  when  c  is  not  zero 
that  ( p  +  c)  and  {q  +  c)  are  substitutes  for  p  and  q 
and  (d  +  2  c)  and  (c  +  2  c)  for  d  and  e.  We  can  omit 
all  reference  to  c,  therefore  provided  we  introduce  it 
later  on  as  indicated  above. 

Our  determinant  for  two  strands  would  be. 

p,     -(d  -  p),     q,      -(c  -  q)    Kx 

/,  1  Of  0  0 

Q^     -(e-q),     p,     (d-p)       Kt 

0,0,  1,  1  Jo 
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And  the  solution  is 

J  _  Kid  +  Kxe  +  Joipe  —  dq) 

•^' dH^^i 

»Ji=  -  »Ji  \(41) 

r   _    -  K,,-\-Ktd  +  J,{dv  +  eq) 

ffJl    ^    Jo    "^   J\ 

Where  K\  and  K%  come  from  terminal  conditions  for  three 

strands  our  determinant  is 

V     (d-p)-(d-2p)    (7-(e-g)  -(e-2g)Xi 
0        V       -{d-p)       0  q       -{e-q)     Ki 

11  loo  00 

q  -  (e-q)  -  (e  -  2  q)     p      (d-p)      (d-2p)    K^ 
0  q         —  (e  —  q)     0  —p  d  —  p       Kz 

0  0  oil  1  Jo 

We  will  use  the  following  expressions  in  the  solution 

E  =  dp  +  eq  W-  F{Q  +  R) 

F   ^pe-dq  X  ^  Q^  +  R^  +  2  F^  -  Z  E^ 

Q   =  d«  +  e«  Y  =  F^  +  R^  -  E^ 

R  =^p^  +  q^  Z  =  E{Q-  R) 

V  -  2EF 

In  the  equations  for  E,  F,  Q,  22,  etc.  we  must  remem- 
ber that  for  laminated  windings  we  have  to  add  c  to  p 
and  q  and  2  c  to  d  and  e  in  evaluating  these  symbols. 

With  this  understanding  we  give  the  equations  for 
the  sin  and  cos  components  of  the  three  strands.     The 
evaluation  of  these  terms  depends  on  the  terminal  con- 
ditions affecting  Ki  and  K% 
J        W  Jo+[Ki  (d'-p)+K2  (e-q)]  [Q+R+2  E] 

WS=       -y 

W  -  V 

cJt  =     ~   V Jo 


'(42) 


r  _       V  J      [Ki{d-p)+Ki(e-q)][Q+R+2E] 
*  X  Y ~ 

r  _  X-Z  J   ,  [Ki(e-q)-K,(d-p)]  [Q+R+2E] 

c^i—       Y     d  Q-f  Y ' — 

r  _       Y  [Ki{e-q)-Ki(d-p)]  [Q+R+2m 

cJl-        -j^J.  ^ 

If  we  let  Jx  represent  the  current  in  any  strand  the 
xlh  and  J,  the  conductor  current  then  we  can  write  from 
(21) 
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^R=  \{js  h  COS  (0,  -  <t>t)  +  V}  M,+  /.»0.1a8  loss 

ratio  for  xth  strand  and  for  the  conductor 

^^  ft  =  i-  S  /[^. ./»  +J,  ,h  +  .W  +  «/^*]  M,  + 

By  substituting  the  values  of  sin  and  cos  components 
of  the  strand  currents  from  equations  (41)  and  (42)  in 
equation  (43)  we  can  secure  the  average  value  of  the 
losses  for  various  stranding  conditions  shown  by  different 
values  of  K\  and  K^ 


7 — Eddy  Currents  in  Conductors  of  Two  Strands 

The  average  loss  in  top  and  bottom  coils  in  a  slot 
having  two  coil  sides  is  given  below,  covering  the  case 
where  the  conductors  are  solid,  and  where  the  currents 
in  the  bottom  half  of  the  slots  are  displaced  from  those 
in  the  top  half  by  the  angle  ^, 

The  expression  for  loss  in  any  one  bar  is 
^  =    j7  j  [Joh  cosido  -<l>t)  +  V]  M,  +Jo'  0,[    (44) 

If  the  bar  is  located  above  the  center  line  of  the  slot  in 
the  position  y,  then 

Jo  COS  do  =  Jo        Jo  sin  do  =  o 

f6Cos<^6=    2"  Jo  009 0  +(y  —  l)  Jo  /ftSin<^ft=  -^  J©  sin  j8 


R 


=  j  y   cosjS  +  (t/  -  1)  +  -^    +  m  (2/  -  1)  cos  j8 

+  (2/-  l)^[Me  +  Oe  (45) 

This  is  the  equation  for  the  loss  ratio  in  the  yth  bar  above 
the  center  line  of  the  slot. 

2   ^ 

The  loss  ratio  for  the  top  half  of  the  slot  is    —    v  /?  =  /?i 

m    ^ 

o 


^'  =  [^^~~3^     +  ^  •'"^'']  ^'  +  ^• 


(46) 


The  general  equation  for  the  loss  ratio  in  the  bottom  half 
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of  the  slot  is  the  same  as  (45)  except  that  the  terms  con- 
taining sin  jS  and  cos  jS  are  zero. 


["-^1 


Rt  =  [  — [2-  J  M'  +  0*  (47) 

The      S    (X)  =   ^^(^L+1) 
1  2 

m  1 

and  the     S    x*  =  -^  m(m  +  1)(2  m  +  1) 

1  o 

We  have  developed  the  formulas  ( 46)  and  ( 47)  as  we 
wish  to  use  them  for  standard  reference  as  regards  the 
form  for  the  equations  developed  for  conductors  of  two 
strands. 

Calculation  of  the  loss  ratio  for  any  conductor,  say  the 
y  conductor,  above  the  center  line  of  the  slot,  with  m 
total  conductors,  each  consisting  of  two  strands  in 
parallel,  is  given  below.  The  general  case  is  chosen 
where  the  strands  are  short-circuited  at  the  end  of  each 
conductor,  and  when  there  aro  two  coil  sides  per  slot  with 
the  current  in  the  bottom  half  of  the  slot,  j8  degrees  out  of 
phase  with  the  currents  in  the  top  half.  The  loss  ratio 
for  any  strand  is  given  in  (44).  We  have,  therefore,  for 
the  first  and  second  strands  of  the  y  conductor  above 
the  center  line  of  the  slot 

M,  I  ^2  {Ji  +    ^   Jo  sin  jS)  +  J2  (eJi  +    ^    Jo  cos  jS 
+  iy-l)  Jo  +  (sJi  +   y  JosiniSM^) 

+(cJi  +  %  JoCO80  +(y-i)  JoYY^'^  +  cJ^'] 0, 

+  M,  I  »./i  (  2"  Jo  sin  jS  )  +  cJi  V  2   ^^^'^  ^^^  ^ 

+  (2/  -  1)  J,  )    +    (^  Jo  sm  ^y  +    (  ^  J,  cos  iS 

+  (y-  IJoY^  +  [^1  +  cJi^  0,  =  R~ 

Since  ,Ji  +  9J2  +  =  0  and  cJi  +  eJz  =  Jo  we  can 
reassemble  the  above  and  simplify  to  an  expression  in 
which  we  keep  separate  the  terms  which  involve  cos  jS 
and  sin  jS 

^  =M,  [joc/i(2y  ~  1)  +  J,2(2  2,2^3  2, +  1) 
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m} 


+  y +  2(2/-  l)mcos^)'l 

+  [Jo^  -2JocJi  +  2  cJi'  +  2  .Ji^l  0,  (48) 

In  evaluating  the  above  ,Ji  and  cJi  are  taken  from  (41) 

and  A;i  and  A2  are  taken  from  ( 38)  for  the  top  half  of  the 
slot. 

Letpe  -  dq   _  u  ^^dy  +  eg  =  _j 
d^  +  e^    -  ^^^^     d^  +  6«       "^ 

Then  ( 48)  after  substitution  becomes 
R  "^^  =1/  M8i{Lm^  +  2  L  w  cos  /9  +  L) 

+  (i/  -  l)(4Lmcosi8  +  4L)  +(2/  -  1)MLJ 
+  Jo^  1 1  +  m  cos  iS  -  4  L  m  cos  i8  -  2  L 


m^ 


+  2mm^+    y    +  2  L2 m^  -  2  L m^  +  2  L^ 

+  4  L  m^  cos  jS  +  2  ff2  +  4  ff2  ^  cosjS 
+  (2/  -  l)(2mcosi8  -  SLT/icosiS  -  8L 
+  8  L2  m  cos  jS  +  8  L2  +  8  ff  *  m  cos  iS 

+  8  ^2 +  2) +(2/-  1)2(2 +  8L2-8L  +  8ff«)[0. 
and     /?<  =    -^   J  R     which  reduces  to 


-  I  -I  L  m« 


^      [y  L  m^  +  L  7n^  cos  iS  -   |-  ^1  M. 
+  [(H2  +  L2)Q  m2.+  2  m^cosiS  "  "f )  ~  ( 
+  2  L  m2  cosjS  -  ^  L  1  +  y  w2  +   y  coi^ 

0] 

If  we  reduce  this  formula  to  the  same  form  as  (46) 


+  ^  I  I  Os 


^'  =  4 


[^V^  +  ^*  COS/?]    [lM.1  +  LM. 

[m*  -  1       rw«         ^1    r 
— 3—  +^cos|8|    \2{m  +  L*)  -2L 

+  i  1  0.  +  [  2(F»  +  L')  -  2L  +  1  1  0. 


(49) 
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R,=  [^^^   +   ^  cos/s]  4n  [lM. 

+  2iH*  +  L*)0.-2LO.  +  h  0.1 
+  n\LM,  +  2(H*  +  L*)  0,-2L0,  +  oA 
Let 4 n  [l M,  +  2(/?*  +  L«) 0,-2L0,  +  \ 0,1  =M». 
Let  n    [l  M,  +  2  (/?*  +  L*)  0.  -  2  L  0.  +  0.1  =  0» 

Similarly,  for  the  bottom  half  of  the  slot,  our  general 
term  is  the  same  as  (48) ,  except  that  those  terms  which 
have  a  factor  sin  jS  or  cos  jS  are  zero. 

^  r"  M,[j,^i(2y-  1)  +  Jo^(2t/2~3y  +  l)j 

+     [  Jo*-2J,cJi  +  2,^i«  +  2^i«  j  0, 

s  the  general  term  for  the  bottom  half  of  the  slot.  In 
evaluating  this  expression,  ,Ji  and  ,J2  are  taken  from 
(41),  and  Ki  and  K2  from  (38A). 

which  is  of  the  same  form  as  equation  (47) .  Equations 
(49)  and  (50)  can  be  simplified  by  following  out  the  same 
method  of  development  which  we  have  used  in  Part  5 
and  by  limiting  ah  to  values  less  than  unity. 

rr  _(p  +  c)(e  +  2c)  -((7  +  c)(rf  +  2c) 

{d  +  2cy  +  {e  +  2cY 

r  _(p  +  c){d  +  2c)  +(q  +  c)(e  +  2c) 

{d  +  2cy  +  (e  +  2c)2 

2c  ='^^^{p'  +  q')  =2aA(7-  D 

,   ,     5       cosh  2a  A  —  cos  2a  A  ' 

. » [(1 + ?^' + <^'  +) 
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/       (2ah)*     (2ah)*      .\1 


=  2(aA)«  +  ^(aA)«,etc.,  =  2(aA)*approx. 

8(aA)2>2-^     y 
_  4(aA)^7'  ^  i 

p  =  cosha  h  sin  a  A. 

g  =  sinha  h  cosah. 

d  =  sin  2a  h. 

e  =  sinh  2a  h. 

m 

When  the  stranding  of  the  straight  up  coil  is  continuous, 
the  general  term  is  the  same  as  equation  (48),  omitting 
the  j8  terms  and  counting  y  from  the  bottom  of  the  slot. 

R^  =  M.  [joc^i(22/  ~  1)  +  JoH2y'  -Sy  +  1)] 


+  [j,«  -  2Jairi  +  2cJi^  +  2^i»]  0. 


ii^i  =(e- 2g) 


K2=  -(d  -  2p) 


m 


J  2  I 

Rat  —  ^  —  X  R 

n        w  1 

For  a  coil  of  two  strands  "turned  over"  and  short-cir- 
cuited at  the  end  of  each  full  turn  with  currents  in  the 
bottom  half  of  the  slot  displaced  j3*  Ki  and  Ki  are  taken 
from  (40) .  The  general  equation  for  the  loss  ratio  in  the 
y  conductor  above  the  center  line  is  (48),  and  after  sub- 

m 
2 

stituting  and   Z  R,  the  average  value  in  the  top  of  the 

1 

slot  will  be 


R^  =  nM,  f^^'siniSl  H-n^M,  [ 


m*  —  1       m'  —  4 


12 


+  ^%os^]  +  [^']mIc  +  0^ 
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The  general  equation  for  R  in  bottom  of  the  slot  is  the 
same  as (48),  except  that  Ji  and  Jt  are  interchanged,  and 
that  all  terms  containing  sin  jS  or  cos  j8  are  zero. 

R,  =  nM.[-  ^%in^]  +  M.  [^]  +  0. 

In  the  case  of  turned-over  coils,  where  the  stranding  is 
continuous  from  the  start  to  the  finish  of  the  coil,  and 
there  are  two  coils  per  slot,  Ki  and  Kt  are  taken  from 
(40B). 

»n*  —  1  —  TO*  —  4 


R,  =  nM,  r^^sin/?]  +  n«  M,  [ 


16 


+  fcos^]  +  [^*]i»f..  +  0' 
i2»  =  nM,l- "'    ■     --'■"'- 4 


12 


In  the  case  of  one  coil  per  slot  turned  over,  short-cir- 
cuited at  the  end  of  each  turn,  Ki  and  K2  are  from  (40 A); 

wi 

rt"  is  the  number  of  conductors  per  slot. 

If  2  mi  =  m  where  mi  is  the  number  of  conductors  per 
slot,  then 

+  [^]  M,  +  0: 

For  one  coil  per  slot  turned  over,  and  stranded  continu- 
ous, Ki  and  K2  are  taken  from  (40C) . 


[=^'1 


Ra,  =  nM,  I — ^  I  +  n  i  0,. 

Where  m  is  twice  the  number  of  conductors  per  slot. 


Ra.  =  M,  (^^)  +  0. 


Where  «  is  the  total  number  of  strands  per  coil  depth- 
wise. 
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8 — Eddy  Currents  in  Conductors  of  Three  Strands 

Consider  the  case  of  two  coils  per  slot  where  there  are 
m  total  conductors  and  the  currents  in  the  bottom  con- 
ductor are  displaced  by  an  angle  from  those  in  the  top 
conductors,  let  each  conductor  consist  of  three  strands 
depthwise  and  let  all  strands  be  short-circuited  at  each 
end  of  the  conductor.  Take  the  case  of  the  yih  conductor 
above  the  center-line  of  the  slot 

M,  Lfz  yM  +  .^1  +  f  Jo  sin  ^]  +  M  \cJ2  +  cJi 

+  (2/-  1)/. +  f  JoCOS^J    +   [,J2  +  ,/l 

+  |j,sini8]V  [^2  +  c/i+(2/-  I)  Jo 


m 
+  2"  Jo  COS 


+  ^  JoSinjSl  +  J2  \cJ\  +{y  -  I)  Jo  +  ^JoCosp\ 
+  [.^i  +  f  J.sinisJV  [c/i+(2/-l)^o 


+  "2  Jo  COS  B 


] '  I  +  \cJ2'  +  J2'  |o. 


+  M,  I  .Ji  [1  J,  sin /s]  +^,[(2/-  I)  Jo 
+  |j,cos^]  +  [|j,sin/3]'+  [(7/-  I)  J, 


+  f  Jocos/s]'!  -h  [,Jl»  +  cJl']  0.  =  ^^ 

Since  ,Ji  +  ,^2  +  gJt  =  0  and  eJi  +  cJz  +  cJi  =  Jt 
we  can  rewrite  this 

^^'  {  I  ""  '^'  '^'  "^  ^"  ^^  '*^'  ^  "^'^  ""  "^'  "^^ 
+  2(y-l)Jo  (2^1  +  J2)  +  {y-l)  Jo' 

+  3(y  -  1)^0*  J  +  [(2,Ji  +,J2)mJ,sini8 
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+  (2  eJi  +  cJi)  m  Jo  COS  P  +  3  m  {y  —  1)  Jo  cos  i8 1  r 

2 


(60) 


This  equation  is  for  the  loss  in  the  yih,  conductor  above 
the  center-line  of  the  slot;  y  is  counted  from  the  center- 
line  upwards.  If  we  want  to  consider  a  term  below  the 
center-line  it  is  the  same  for  straight  up  coil  except  that 
y  is  counted  from  the  bottom,  the  jS  terms  are  zero.  For 
a  turned  over  coil  below  the  center-line  the  expression 
changes  in  the  M,  term  due  to  the  fact  that  the  position 


(f-0 


r2 


2 


of  Jz  and  Ji  are  interchanged,  that  I  "^  ""  2/ 1  replaces 

(y  —  1)  and  also  that  jS  terms  are  zero. 
Bottom  term  is 

mA    -  JiJi  +  Jo  (2  cJz+cJ2)   -  JlcJz 

+  2(1  -  y^  Jo{2  J,  +  J,)  +(|  -i/)j; 

+  3  (~  -  i/)  ^J?!  +  |,Ji2  +  ,J2^  +  ,/; 

+  cJi'  +  cJ^'  +  cjA  0.  =  — ^  (61) 

)  n 

For  the  case  of  a  conductor  short-circuited  at  each  end 
we  have  the  values  of  Jii  tJi,  etc.,  from  formula  (42) 
where  Ki  and  K2  are  defined  by  (38)  for  the  top  half  of 
the  slot,  and  by  38-a  for  the  bottom  half. 

The  following  transformations  are  convenient 
[(d-p)(d~2p)+(6-(?)(6-2g)] 


[o  +  /i;  +  2B] 


Q  +  R  +  2E\  =  X  +Y-  Z 


[(d-p)(6-2g)-(e-g)(d-2p)] 
[Q  +  /e  +  2B].=  w  +  v 
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X  +Y - Z  _         Z -  Y 
X  X 

Z  -Y  _E(Q  -  R)  -  (F^  +  R^  -  E^) 
X  Q^  +  R^+F^  '-2E^ 

Where  d  and  e  are  written  for  {d  +  2  c)  and  (e  +  2  c)  and 
p  and  q  tor  p  +  c  and  q  +  c.  By  developing  in  series  it 
will  be  found  that  the  above  reduce  to 


+  16  (g  h)  ^Y  -  4:{ah)  *y^ 
64  (a  h)  ^7*  +  4  (a  h)  'y'  -  32  {a  h)  'y* 

,X  +-Y  ^  Z      ^ 
and y =  0 


The  average  value  S  ft  in  formula  (60)  gives 
„  /  WV+XY-YZ  ^  fW+Vy  \m*-' 


=  1 


+ 


-^ COS j8 1  +  m*  +  :^m*  COB p  >  +  < \~y~  ) 

+•  (l^y^  ^W^vy^  WH::g±Y2 


+  2 


+ 


im'^  (^o'+ (^0 
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^^^-g— ^  +  —cos  )8 1  M"c  +  0"c 


(62) 


Which  is  of  the  same  form  as  formula  (51)  for  two  strands. 
Similarly 


(63) 


The  same  form  as  (52) 


For  three  strands  wound  continuous  in  a  straight  up 
coil  with  one  coil  per  slot  use  equation  ( 60)  except  that 
the  ^  terms  are  zero  and  that  Y  is  measured  from  the 
bottom  of  the  slot. 

1    ^ 
To  get  the  average  term  we  have  —  2  /?  and  the  values 

of  ki  and  k^  are  taken  from 

k,  =  {e- 2q) (^)^..       h=-{d- 2p)  (^V . 


(64) 


The  equation  reduces  to 

For  three  strands  per  conductor  with  a  turned  over 
coil  short-circuited  at  end  of  each  turn,  fci  and  ^2  are 
taken  from  ( 40) . 

R  for  top  of  the  slot  is  taken  from  ( 60)  and  for  bottom 
of  slot  is  taken  from  ( 61) . 

ii!,  =  nM,|]?^^^3inB}  +  n^i^/,|?^^ 

12~  +  T^^^n  "*"  ~T2~^    ^    '  ^    ^  ^ 

Rt  =  n  MA ^ smi8>+  —[2~M^  +0, 
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For  three  strands,  turned  over  coil  with  continuous 
stranding  when  there  are  two  coils  per  slot  take  h  and  A; 
from  40 A.  R  for  the  top  half  of  the  slot  is  taken  from 
(60)  and  for  the  bottom  from  (61). 


Rt  =  ^^'{^^^  sinj8|  +  n^M,  I 


m2  -  1 


-^g-  +  -cos^|+-yg-M,  +0, 


12 


(66) 


J?  M  ^     W+Vm*   .    J  ,     ,„  / 

For  three  strands,  turned  over  coil,  short-circuited 
each  end  with  one  coil  per  slot  take 

Ai  =  (c-2g)(y-5-l)  J, 

ft2=  -(d-2p)(y- J- i)Jo 

—  =  number  conductors 
j>         2  JIT  /  ^'  --  4      m^  -  16  \ 


ft 


=  -*{=^-=^} 


mi^  —  4      //         // 
+  ~[^  ^.  +  0,  (67) 

For  continuous  stranding,   three   strands   per   con- 
ductor, one  coil  per  slot  and  turned  over,  take 

ki=(e-2q)(-h)Jo 
kt  =  {d-2p)hJ, 
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The  average  value  of  R  is 
„   \WV+XZ-YZ   .  m       ,       .     /T^+VxH 

+  2=±|J±£'_J    («^>')"]„0.  (6.) 

To  reduce  the  above  expression  to  a  convenient  form  it  is 
desirable  to  use  the  development  in  series  for  p  —  g  —  d 
—  e,  etc.,  and  to  limit  a  h  to  values  <  1.  The  following 
formula  will  be  found  convenient: 

Q=S{ahyy*      -^--^-r      |  =  -i  „__   (ah)* 

R   =2{ahyy*        Y  +  Z-Y      .  ^~     27 

F-32(a/i)7       ^_2  ^,        81^,  o.^l+§.(ahy 

X  =  36(aA)^7*     KsiJ.  -2(a^)'  ^  =  * 
r  =  -12(aA)^7*       ^  ^     '^      _  V7 

Z=24(aA)V      f=^^'         -^-=^ 

Substituting  in  (68)  we  get. 

^  is  the  number  of  coils  per  slot.    If  S  is  the  number  of 

2  4 

strands  per  slot  depthwise  then  m  =  5  *S    m^  =  ^  S^  and 


M,  I      g      I  +  0,  =  /e  average, 


where  8  is  number  of  strands  depthwise.  (69) 
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9 — Summary  of  Formcjlas 

We  have  shown  that  the  formula  for  the  loss  in  wind- 
ings due  to  eddy  currents  has  the  same  general  form  for 
solid  bars  and  bars  of  two  and  three  strands  and  for 
infinite  number  of  strands. 

Consider  whether  we  can  develop  the  equivalent  depth 
of  a  solid  conductor  to  replace  the  stranded  one 
Me'  =  4n[LM, +  2//2  0,] 

M-:  .  3  M.[i^-  +  z]  +  72  f 

(ahy 
Since  Af,  =  — ^  let  M  =  n^  M,  where  M  corresponds 

tonah.    Then  M  =  M,  \  -,    +  ^^  —1 


''■'4^^'^i] 


We  have  therefore  a  value  from  our  M  curve  which  is 


or  we  can   use 


to  be  multiplied  by  ^-^  +  "^  ^^      ^J 

the  value  oj  /  I  — 2  + 1 1     ^^  S^^  ^^^  equivalent 

solid  conductor  to  replace  the  stranded  one.  Oc  and 
0"  follows  the  same  law,  a  proof  is  not  readily  demon- 
strated but  in  any  event  the  error  is  small. 

If  we  consider  the  limiting  conditions  where  the 
number  of  strands  are  one  or  infinite  we  find  that  our 
equivalent  depth  fits  both  cases.  For  a  solid  bar  the 
term  containing  7  is  zero  and  for  an  infinite  number  of 

oef 
laminations  -:-=  is  the  equivalent  solid  bar  a  result 

found  previously  in  Part  4.  As  a  check  on  the  approxi- 
mations made,  the  writer  calculated  the  values  Af', 
Mc\  0\  and  Oy  for  two  values  each  of  a  h  0.3  and  0.4 
and  for  7  =  1,  2  and  3.    The  tabulated  results  of  these 
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figures  which  were  made  on  a  calculating  machine  and 
are  correct  to  five  decimal  places  are  tabulated  for  com- 
parison with  the  results  taken  from  curves  and  approxi- 
mate methods  outlined  above. 


Calculated  M'c 

r--  1                   r  -  2 

r   -=  3 

0.3 
0.4 

0.6 
0.8 

0.042838            0.018883 
0.134074             0.059240 

Calculated  M"e 

0.014390 
0.045107 

0.3 
0.4 

0.9 
1.2 

0.21345               0.07436 
0.63709               0.23439 

Calculated  (ye 

0.04570 
0. 14299 

0.3 
0.4 

0.6 
0.8 

1.011413             1.005425 
1.036742             1.017034 

CalouUted  0"c 

1.00430 
1.013501 

Curve 

Value     M'c 

r  =  2 

r  =  3 

0.0189 
0.0590 

0.0144 
0.0455 

Curve 

Valu      M"e 

0.0732 
0.2320 

0.0456 
0.1440 

Curve 

Value    0*c 

1.0053 
1.0160 

1.0040 
1.0120 

Curve 

Value    0"c 

0.3    0.6 

1.05671 

1.02036 

1.01347 

1.0195 

1.0120 

0.4     1.2 

1.17066 

1.06326 

1.04231 

1.0620 

1.0390 

These  results  show  a  sufficiently  close  agreement  to 
permit  of  their  use  in  any  calculations. 

It  may  be  of  interest  to  develop  the  formula  for  the 
loss  in  the  end  windings  under  the  assumptions  which  we 
have  made. 

It  will  be  noted  that  the  loss  in  the  ends  is  propor- 
tional to 

and  that  this  is  most  readily  evaluated  as  follows: 

For  two  strands  we  have 

[K']  [L  M,  +  2  ff  2  0.]  4n  +  n  [L  A/,  +  2H^0,  +  \  OJ 

as  loss  ratio 

Where  [K*]  is  coefficient  of  M'c  and  the  above  can  be 

written  [K']    M'c    +    O'c^     The    loss    on    the    ends    is 

proportional  to  the    coefficient  of  0,  and   is  for  two 

strands, 

Qc  _  nL  M, 
0,  0. 


+  4:  n  2  H^  [K']  =  loss  ratio  on  ends 


=  7=r  -i z o  [K']  M  is  curve  value  for  a  f. 


0. 


n 


For  three  strands, 


0,      3  M,  fSO(xh)*  ^  8 


0.         0, 


81 


+ 


] 


n^  —  1  M 
^2       •   n  I  +  2~"  -~2  [^'1  which  is 

72  9J  n^         y2     ^        * 


the  same  as  the  above,  since  3  Af ,  I  X^  "^"^  '7    +  - 


80(aA)^    ,8 
81     72     "+"  9 


] 
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ifi  negligible.    Checking  up  on  this  value  we  find  that  for 

one  strand  per  conductor  our  loss  is  unity  and  for  infinite 

strands  is  of  the  same  value  as  in  the  straight  part  of  the 

coil. 

Approximate  toss  on  ends  is 

5;  +  -^i-^j[A;>j  =  ratio 

iC'  is  cocfiicient  of  Af^  in  loss  for  embedded  length 

M  is  curve  value  fora  / 

0,  is  curve  value  for  a  f  equivalent 


ome  0.16  1.S  2 

aOI4  0.14  1.4  2,1 

1X012  ai2  u 

0.010  0.10  1.0  2.6 

aooe  o.oeo.8 

0.006  OMOG 

0.004  0.04  0.4  32 


A 

\ 

/ 

\ 

■ 

or 

\ 

\ 

\- 

1 

\l 

M' 

«ah(SinlJo:tT-SiTi>Jh)/iC(8ho:hj 

\ 

1 

"'"J"/'" 

•r 

"\ 

-t 

/ 

' 

/ 

,h 

1 

/ 

/ 

/ 

/ 

1 

1 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

^ 

I 

/ 

y 

^ 

^ 

V" 

"l 

02         0.4         06 


h  CURVES  in.  irin 
0,  is  curve  value  fora  A 

A  general  summary  for  loss  in  the  embedded  part  of  coil  is 
m    =  the  no,  of  conductors  depthwise  in  a  slot 
n     =  the  no.  of  strands  depthwise  per  conductor  (equal 

strands) 
Y     =  theratioof  total  conductor  length  to  the  embedded 
part 
a      =  the  total  number  oi  Biia.nda.ifcv^b'Niae 
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=  ratio  of  copper  width 


0.4 
"  V(l+ -00427(9 

to  slot  width 

6     =  total  temperature  of  the  copper  above  zero 
h     =  the  depth  of  the  strand  in  inches 
/     =  the  depth  of  the  conductor  in  inches 
M,  =  the  curve  value  for  a  h 

Mt  =  the  curve  value  for  the  equivalent  value  ot  af 
Oc   =  the  curve  value  for  the  equivalent  value  of  af 


zoo 

CCh  CURVES 
1.8          1.6 

M 

\ 

\ 

1 

\ 

/ 

\ 

J 

, 

.1 

\ 

0^. 

iOH*  for  Knall  Values  of 

ah 

/ 

1 

/ 

/ 

/ 

/ 

1 

"/ 

K 

/ 

/ 

/ 

/ 

/ 

, 

/ 

/ 

- 

' 

0     =  the  angular  displacement  between  the  conductor 
currents  of  the  top  and  the  bottom  coils  in  a  slot. 
M    =  the  curve  value  for  a  f 
/C'  =  the  coefficient  M^ 

M,  =      q^  for  email  values  of  a  A 

0,    =  curve  value  fora  A  —  1  +  —  (a  A)* 
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The  equivalent  value  of  a  conductor  is 


/  ,r  1    ■  n»-l     1  1» 


and  is  given  in  the  curve. 

Rt  is  the  average  loss  ratio  in  the  top  half  of  a  slot  when 
there  are  two  coils  per  slot. 

Ri,  is  the  average  loss  in  the  bottom. 

R  is  the  average  loss  for  the  entire  slot. 

In  the  calculations  for  two  strands  per  conductor  we 


m' 


found  in  (54)  and  (55)  the  expression  n  Mg—  H  sin  /3. 

This  expression  occurs  in  the  formulas  for  the  top  and 
the  bottom  half  of  the  slot  with  reversed  sign  and  can  be 
neglected  in  the  total  heating.    In  any  event  its  value  is 

^      S      i     2r    ^^^ 
and  is  negligible  for  small  values  of  a  h;  similarly  in  (65) 

«  M.j^^  -  8.n  ^1  =  ^[2^  ^  sm  ^J 

and  is  negligible 

Either  of  these  expressions  can  be  written 

1  m^ 

-^  n(n  —  ly  Mg  -T-  sin  /3 

which  is  zero  when  n  =  1  and  zero  when  n  =  oo . 

The  formulas  for  loss  are 

(A)  When  the  conductors  are  solid  bars  ( 2  coils  per  slot) 

/2.=  [  "^'^^     +-f-' cos  ff]  Jf,  +  Qc 


[^] 


(B)  When  the  conductor  is  stranded  and  shorted  at  each 
half  turn 

R.  =  [^^^  +^%os/3]  Af.  +  0, 


»  -  I     12     J 


Rt  =   I  -^-TTT^  IMc  +  O, 
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(C)  For  a  continuous  stranded  coil  wound  straight  up 

(D)  For  a  turned  over  coil — shorted  each  full  turn  with 
two  coils  per  slot 

Bi=n*ilf.|^— g— +^cos/3 j2~J  +  ["72" J     '  "^  ^' 

(E)  For  a  turned  over  coil  continuous  stranding 

Rt:=n^ ilf.l  — ^+_cos/3 ^ J  + 1  ~J6~ J^'+  ^' 

(F)  For  one  coil  per  slot  turned  over  and  shorted  each 
turn 

n         •  ij-  r^'  ~  1       m^  —  4l  ,  \m^  —  4l  , -.    ,  ^ 
fl  =  n«M.[-3 i2-J  +  l-l2"J^  +^* 

(G)  For  one  coil  per  slot  turned  over  with  continuous 

[s«  -  ll 
— o —  I  +  Ot  (approx.) 

These  formulas  will  stand  the  check  imposed  by  the 
limiting  values  of  n  =  1  and  n  =  oo . 

A,  B,  C,  D  and  E  are  all  equal  for  n  =  1  that  is  for 
solid  bars.     Also  the  loss  ratio  on  the  end  windings  is 

1  f  or  n  =  1. 

For  n  =  00 ,  n'  Af,  =  0  and  we  find  that  formula  C 
checks  value  in  (26)  and  E  checks  (28) . 

Also  we  see  D  and  E  are  equal  f or  m  =  2  and  the  loss 
ratio  on  the  ends  forn  =  oo  is  the  same  as  the  loss  ratio 
in  the  slots. 

A  study  of  these  formulas  shows  that  for  a  given  total 
copper  depth  in  a  slot  with  two  coils  per  slot  that  the 
minimum  loss  is  secured  by  increasing  m  and  n  to  the 
limit. 
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n  is  limited  by  mechanical  considerations  in  manu- 
facture and  m  for  machines  with  a  great  many  poles 
can  be  controlled  to  some  extent  by  the  use  of  multiple 
turn  coils  and  by  transposing  the  winding  in  parallel 
circuits.  Such  a  procedure  is  in  common  use  but  in- 
troduces the  danger  of  a  line  voltage  between  adjacent 
conductors  with  the  increased  chance  of  break  down. 
For  turbo  generators,  where  only  two  or  four  poles  are 
common,  a  transposition  scheme  has  been  developed  to 
give  the  effect  of  increasing  m  without  introducing  mul- 
tiple circuits.  This  arrangement  consists  in  subdividing 
the  strands  of  a  conductor  depthwise  into  a  number  of 
groups  which  is  a  multiple  of  the  slots  per  pole  per 
phase  then  interconnecting  these  groups  in  such  a  way 
that  equal  voltages  will  be  produced  in  all  the  various 
circuits  in  parallel. 

Consider  the  case  of  four  slots  per  pole  per  phase  shown 

below: 

13  5  7 

top  coil 

bottom  coil 


xxxxoooo 


.     ,    X  X  X  X 
X   X   X  X 

2  4  6  8 


The  successive  positions  of  a  coil  are  shown  as  1,  2,  3, 
4,  5,  6,  7,  and  8  this  being  the  sequence  of  conductors  in 
series.  Each  single  conductor  is  then  arranged  in  four 
groups  of  strands,  so  that  a  section  of  the  coil  group 
would  show  as  below. 


§ 


I 


'I 


d 
c 

bt 


ds 


m 


b; 
C7 
d7 

l7 


b» 


The  voltage  of  the  groups  a,  6,  c,  d,  taken  through 
eight  conductors  are  all  equal,  and  a  little  consideration 
will  show  that  equal  currents  must  flow.  Hence  we 
have  the  effect  in  two  coils  per  slot  of  securing  the  same 
current  distribution  as  if  we  had  had  eight  conductors, 
each  carrying  one-quarter  of  the  total  current.  The 
loss  is  given  by  formula  (D),  Part  9,  and  is  only  slightly 
greater  than  the  loss  for  (E) . 
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This  method  of  winding  has  been  found  very  useful 
in  reducing  the  eddy  losses  in  coils  of  large  current  capa- 
city. 

10 — Comparison    of    Calculations    and    Tests 


In  order  to  compare  the  formulas  with  teat  results  a 
model  was  made  up  with  an  adjustable  coil  and  tested 
with  various  combinations  of  windings.  Four  con- 
ductors ABC  D  each  con- 
sisting of  six  strands  in  par- 
allel were  wound  as  shown 
in  the  sketch,  that  is,  one 
end  of  each  coil  open  and 
one  closed.  An  iron  core 
surrounded  the  conductors 
as  shown  with  this  ar- 
rangement the  m.m.f.  of 
A  B  opposed  that  of  C  and  D  and  coils  A  and  B  have 
the  same  relation  to  each  other  as  the  top  and  bottom 
coils  in  a  slot. 


There  is  no  iron  loss  except  that  due  to  the  transverse 
flux  across  the  slots.  With  the  six  stran<ls  in  each  con- 
ductor were  provided  connectors  so  that  the  following 
possible  arrangements  could  be  secured:  A  coil  of  six 
turns  of  one  strand,  three  turns  of  two  strands,  two  turns 
of  three  strands  or  one  turn  of  six  strands.  In  addition, 
the  connectors  on  the  open  end  wen;  provided  with  taps 
so  that  it  was  possible  to  get  the  effect  of  all  strands  of 
a  conductor  in  series  throughout  the  multiple  turn  coil 
or  else  a  short  circuit  could  be  ma<Ic  at  the  end  of  each 
full  turn  or  one-half  turn.  By  adjusting  the  length  of 
the  iron  we  could  introduce  the  factory  into  our  formula 
as  a  variable.  By  changing  the  frequency  we  could 
vary  a  h  and  a  /,  So  on  a  single  model  we  were  able  to 
chock  all  the  formulas  except  the  case  of  one  coil  per 
slot  and  those  covering  two  coils  per  slot  where  the 
currents  in  the  top  and  bottom  coils  were  not  in  phase. 

Tests  were  made  as  follows:  the  coils  were  provided 
with  thermocouples  inside  on  the  copper  around  the 
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periphery  of  the  coil  and  direct  current  was  passed 
through  the  coil  until  constaut  temperatures  were 
reached.  A  calibration  curve  between  tem- 
perature and  current  was  then  made  up.  The 
average  temperature  of  the  coil  was  taken  by 
multiplying  the  temperature  at  (a)  by  the 
surface  at  (a)  temperature  at  (b)  by  surface 
(6),  etc.,  and  using  the  average  temperature 
so  obtained.  This  procedure  eliminates  any 
variation  in  the  heat  conduction  through 
the  insulation.  Alternating  current  was 
then  passed  through  the  coil  with  various 
groupings  and  the  temperatures  of  the  top  and  bot- 
tom coils  secured  corresponding  to  these  tempera- 
tures. The  direct  currents  were  taken  from  the  calibra- 
tion curve.  These  values  are  compared  with  the  equi- 
valent calculated  current  obtained  from  the  loss  ratio 
Rt  or  Rj,  as  the  case  may  be.  Since  the  iron  tempera- 
ture varies  with  the  alternating  currents  a  correction 
is  necessary;  the  correction  formulas  are  given  below. 
The  relation  between  current  and  temperature  for  a 
given  iron  temperature  is 

^        ^  \eAl+(a+  01)0.00427}]! 
'  ■"    '  Iflijl  +(a  +  Ot)  0.00427}  J2 

/i  is  known  amperes  corresponding  to  total  temperature 
(a  +  fli). 

a  is  iron  temperature,  di  is  rise  above  iron  with 
amperes  /i. 

02  is  rise  above  iron  for  same  unknown  current  and  /, 
is  unknown  current. 

Neglecting  conduction  of  heat  along  the  copper  the 
current  corresponding  to  some  other  iron  temperature  is 


^    _      [l  +  0.00427  (ai  +  6)1 1_ 
'         'll  +0.00427(a2  +  ^)j2 


Where  h  is  desired  current  for  6o  rise  above  its  iron 
temperature  a2  and  /i  is  the  known  current  for  the  iron 
temperature  ai  and  rise  d  above  the  iron.  For  a  10 
deg.    change   in   iron   temperature,   this    correction    is 
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about  1  per  cent.  The  agreement  between  the  current 
value  taken  from  the  calibration  curve  and  that  cal- 
culated from  the  formulas  is  unusually  close,  and  indi- 
cates that  the  formulas  can  be  relied  upon  in  practise. 

The  physical  dimensions  of  the  test  model  were  as 
follows: 

Each  strand  Jfe  in.  by  ^  in.,  copper  six  strands  per 
coil. 

Iron  length  was  40  in.  when  r  =  2. 

Iron  length  26^  in.  when  r  =  3. 

Opening  in  iron  width  wise  was  1.178  in. 

The  curves  for  Af,,  Af^,  0,,  Oc  and  for  the  evaluation 
of  aft  are  attached  as  a  part  of  the  paper. 

It  is  evident  that  these  formulas  can  be  used  in  a 
number  of  ways  for  the  special  investigation  of  particular 
problems  in  design.  For  example,  curves  can  be  made 
up  showing  that  beyond  a  certain  point  it  is  useless  to 
increase  the  copper  depth  in  a  slot  in  order  to  secure  a 
lower  temperature.  The  heating  effect  of  third  har- 
monics in  delta-connected  windings  can  be  investigated. 
Also,  such  problems  as  are  involved  in  the  calculation 
of  the  losses  in  the  damper  windings  of  single-phase 
machines,  and  phase-converting  apparatus.  The  appli- 
cations are  for  the  most  part  obvious. 
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Current 
Connection 
Short.     Circ. 
Value  of  r. 


Amperes 

Temp.  Rise 

Iron  Temp 

D.C.  Ampe 

Temp.  Correct 

Calc.  R 

D.C.  Equiv 

Ampe.  from  R 


Temp.  Rise 

D.C.  Ampe 

Temp.  Correct.  . . . 

Calc.  R 

D.C.  Equiv 

Ampe.  from  R.  . . . 
Diflf.  Temp 


D-C 

Series 


None 
2 


250 
78.5* 
53*    . 


71' 


7.5' 


60 
Series 


None 
2 


210 

71.9* 

49* 

242 

1.8* 

1.402 

245 

249 


52.3* 

222 

1.8* 

1.065 

217 

216.6 

19.6* 


60 
Two  Strands 


None 
2 


420 

73.3* 

44* 

495 

1.8* 

1.428 

497 

502 


53.6* 

450 

1.8* 

1.10 

444 

440.5 

19.7* 


IT 
2 


420 

74.6* 

44.5* 

496 

1.8* 

1.43 

500 

502 


64.8* 

454 

1.8* 

1.108 

445 

442.5 

19.8* 


HT 
2 


385 

75.2* 

49* 

494 

2.3* 

1.695 

500 

501 


46.2* 

416 

2.3* 

1.173 

410 

406 

29* 


60 
Three  Strands 


None 
2 


600 

71.7* 

48* 

725 

1.8* 

1.497 

735 

734 


52.7* 

666 

1.8* 

1.168 

655 

650 

19* 


IT 
2 


600 

74* 

64* 

731 

1.8* 

1.495 

738 

733 


55* 

675 

1.8* 

1.179 

660 

651 

19* 


1^ 


500 
74* 
48* 

736 

3.7* 

2.25 

762 

750 


34.2* 
662 
3.7* 
1.214 

66i   ' 
40* 


Current 
Connection 

D.C.  60 
6  Strands 

60 
3  Strands 

60 
6  Strands 

40 
6  Strands 

Short  Cu-c. 
Value  of  r. 

None 
2 

HT 
2 

IT 
3 

HT 
3 

IT 
3 

HT 

3 

IT 
.     3 

HT 

Amperes 

1140 

78* 

47.5* 

1500 

1.8* 

1.718 

1524 

1492 

730 

70* 

49* 

1430 

4.3* 

4.225 

1480 

1500 

624 

76* 

47.5* 

745 

1.9* 

1.444 

752 

750 

665 

78.5* 

64* 

749 

3.1* 

1.741 

761 

746 

1210 

81.9* 

53* 

1524 

2.2* 

1.521 

1524 

1494 

900 

82.6* 

64.5* 

1622 

4.4* 

2.79 

1558 

1502 

1330 

83.8* 

62* 

1526 

1.9* 

1.232 

1535 

1477 

1100 

Temp.  Rise 

80.3* 

Iron  Temp 

62* 

D.C.  Amps 

1492 

Temp.  Correct 

Calc.  R 

3.8* 
1.771 

D.C.  Equiv 

1520 

Amps,  from  R 

1465 

Temp.  Rise 

58.5* 
1392 

1.47 
1380 
1382 
19.5* 

23.5* 
933 

1.491 
846 
891 
46.5* 

54.7* 
678 

1.122 
669 
662 
21.5* 

43.5* 
611 

1.124 
593 
600 
35* 

57.5* 
1375 

1.23 
1350 
1342 
24.4* 

33.4* 
1082 

1.241 
1013 
1002 
49* 

63.1* 
1418 

1.101 
1393 
1396 
20.7* 

37.8* 

D.C.  Amps 

1133 

Calc.  R 

1.115 

D.C.  Equiv 

1082 

Ampe.  from  R 

Diflf.  Temp 

1162. 
42.6* 

Temperature    correction   in    degrees   is   given   by   ^ 
D  X  0  0.625. 


3.5 


D  is  the  difference  in  temperature  rise 


between  the  top  and  bottom  coil;  0.625  is  the  copper 
surface  in  the  top  coil  adjacent  to  the  bottom  coil;  3.5 
is  the  periphery  of  the  coil 

The  comparison  of  the  calculated  current  from  the 
formula  to  the  corrected  current  value  taken  from  the 
calibration  curve  is  secured  by  taking  the  values  for  the 
d-c.  equivalent  and  for  amperes  from  R  and  R 
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Discussion  on  ''Eddy  Current  Losses  in  Armature 
Conductors"  (Oilman),  White  Sulphur, 
W.  Va.,  June  30, 1920. 

S.  L.  Henderson:  The  eddy  current  theory  as 
worked  out  in  Mr.  Oilman's  paper  has  made  possible 
a  much  more  accurate  study  of  the  losses  in  armature 
coils.  He  has  developed  formulas  covering  all  the 
most  commonly  used  types  of  coils,  and  it  is  possible 
therefore,  to  calculate  the  loss  in  different  coil  arrange- 
ments and  to  find  for  a  given  application  that  coil 
giving  the  minimum  temperature  drop  through  the 
insulation.  As  an  example,  in  the  apphcation  of  these 
formulas  we  will  consider  several  coil  designs  for  a 
31,250-kv-a.,  13,200-volt,  three-phase  machine  on  both 
sixty  and  twenty-five  cycles,  and  from  this  study  several 
interesting  results  can  be  shown. 

A  number  of  curves  have  been  worked  up  showing  the 
relation  between  loss  and  temperature  drop  with 
varying  depth  of  copper.  These  curves  have  been 
calculated  on  the  basis  of  a  rise  on  the  iron  surrounding 
the  coil  of  55  deg.  cent.,  and  a  temperature  of  inlet 
air  of  40  deg.  cent.,  giving  a  total  temperature  of  iron 
of  95  deg.  cent.  The  length  of  the  machine  being 
great  enough,  it  was  assumed  that  there  is  no  heat 
transfer  from  the  point  under  discussion  to  the  end 
windings  and  all  the  heat  conducted  through  the  in- 
sulation. The  assumption  has  also  been  made  that 
the  watts  per  square  inch  transmitted  is  uniform  around 
the  slot.  For  purposes  of  calculating  the  temperature 
drop,  the  surface  through  which  the  heat  flows  has  been 
taken  as  the  mean  between  the  bare  copper  and  the 
periphery  of  the  slot.  The  temperature  of  the  iron 
and  the  thermal  conductivity  of  the  insulation  has 
been  taken  constant  at  all  points.  Since  the  tempera- 
ture drop  is  the  unknown  and  this  must  be  known  in 
order  to  calculate  the  eddy  current  factor  and  the 
temperature  coefficient  of  the  copper,  it  was  first 
necessary  at  each  point  to  calculate  a  preliminary 
curve  of  three  points  by  assuming  three  temperature 
drops  and  working  backward  to  find  the  loss  and  cur- 
rent for  each  temperature.  A  curve  was  then  plotted 
between  current  and  temperature  drop  and  from  this 
curve  the  temperatiu-e  drop  was  taken  for  the  rated 
current. 

In  connection  with  the  assumption  of  the  tempera- 
ture of  the  iron,  this  has  little  effect  on  the  loss  in  the 
coil,  and  the  consequent  drop  through  the  insulation, 
because  with  decrease  in  temperature,  for  instance, 
the  temperature  coefficient  of  the  copper  decreases, 
but  the  eddy  factor  increases  and  results  m  the  product 
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of  the  two  being  very  nearly  constant.  The  figures 
of  tem)>erature  drop  are  practically  independent  of 
ventilation. 

In  Fig.  1  is  shown  a  number  of  curves  of  a  two-turn 
per  coil  winding,  two  coils  per  slot.  Each  conductor 
consists  of  three  in  width  of  0.182  in,  wide  by  0.091  in. 
thick.  Starting  in  with  eight  strands  in  depth,  and 
increasing  in  steps  hy  one  strand  on  each  conductor  up 
to  thirteen  strands  in  depth  per  conductor,  the  losses 
and  temperature  drop  at  each  point  have  been  plotted 


TOTAL  DEPTH  IN  INCHES  OF  COPPER  IN  SLOT 

Pio.  1— Based    ok    31.250    Kv-a.,  13,200    Volts, 
60  Cycles,  1370  AMPt 


o  Paballbls 


against  total  copper  depth  in  the  slot.  From  these 
cprves  it  is  evident  that  beyond  a  certain  point  the 
temperatures  are  not  decreased  by  increasing  the 
copper  depth,  and  that  a  point  may  be  reached  where 
an  increase  in  copper  really  increases  the  copper 
temperature.  In  contrast,  if  this  same  coil  were  used 
on  twenty-five  cycles,  we  reach  mechanical  limitations 
in  the  coil  with  increasing  coil  depths  before  reaching 
a  point  of  constant  temperalvirc.    The  curves  for  this 
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coil  on  twenty-five  cycles  are  shown  in  Fig.  2.  The 
depth  of  the  slot  given  on  the  curves  includes  the  di- 
mension of  ly^in.  covering  the  wedge  and  open  section 
of  slot  above  the  wedge. 

If  now  we  had  used  a  four-turn  coil,  which  would  be 
possible  by  connecting  the  coils  per  phase  in  twice 
as  many  parallels,  at  considerable  gain  in  temperature 
drop,  as  shown  in  Fig.  3,  is  obtained,  being  approxi- 
mately 19  deg.  improvement  at  a  point  of  4.36  in, 
total  copper  depth  of  slot. 
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One  other  possibility  in  the  design  of  the  coil  lies 
in  the  use  of  a  transposed  coil,  instead  of  a  multi-turn 
coil.  In  this  type  of  coil,  the  strands  must  be  a  mul- 
tiple of  the  slots  per  pole  per  phase,  in  this  case  six. 
Fig.  4  is,  therefore,  calculated  at  18,  24,  and  36  strands 
in  depth  per  coil.  This  coil  is  slightly  better  than  the 
four-turn  coil,  and  also  reaches  a  point  beyond  whidi 
there  is  no  gain  in  temperature.  The  point  of  24 
strands  in  depth  per  conductor  in  the  transposed  coil 
can  be  compa«l  with  the  four-turn  coil  and  six  strands 
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per  conductor,  or  the  two-turn  coil  with  twelve  strands 
in  depth  per  conductor,  as  all  three  coils  have  the  same 
copper  depth.  The  four-turn  coil  and  the  transposed 
coil  have  practically  the  same  temperature  drop, 
differing  only  because  of  a  slight  difference  in  thick- 
ness of  insulation,  due  to  the  absence  of  conductor 
insulation  in  the  transposed  coil.  Either  of  these 
arrangements  is  considerably  better  than  the  two-turn 
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coil.  All  these  curves  show  an  increase  of  total  loss 
in  the  coil  before  a  corresponding  increase  occurs  in 
the  drop  through  the  insulation  which  means  that  for 
a  period  the  surface  of  the  coil  increases  at  a  faster 
rate  than  the  loss. 

All  these  curves  have  been  carried  farther  than 
it  is  mechanically  possible  to  build  coils  for  large 
machines.  Being  continuous  coils,  not  made  m 
halves  and  connected  together  in  front  and  back,  they 
become  too  heavy  to  be  handled  without  danger  of 
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injuring  the  insulation.  Also,  the  great  depth  of  the 
coil  results  in  a  considerable  difference  in  length  of 
chord  in  the  bottom  and  top  of  the  slot  and  maJces  it 
almost  impossible  to  enter  the  coil  at  the  top  of  the 
slot  without  aeriously  twisting  it,  and  damaging  the 
insulation. 

It  would  be  possible  to  use  coils  of  this  great  depth 
if  they  were  formed  in  halves  and  then  connected 
together  in  front  and  back.  It  is  practically  impossible, 
however,  to  connect  each  strand  individually,  owing 
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to  the  large  number  of  strands,  and  if  all  the  strands 
are  connected  solidly  together  on  both  the  front  and 
rear  ends,  the  eddy  current  loss  is  increased  tre- 
mendously. For  instance,  if  the  four-turn  coil  of 
seven  strands  in  depth  per  conductor  were  connected 
front  and  back,  the  eady  current  factor  would  be 
increased  from  2.12  for  a  continuous  coil  to  5.7,  and  the 
drop  through  the  insulation  increased  from  31  deg. 
cent,  to  93  deg.  cent.  This  is  for  a  depth  of  slot  of 
9.048  in.  which  is  deeper  than  has  been  used,  and,  were 
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it  used,  would  probably  necessitate  a  two-piece  coil. 

From  a  consideration  of  the  curves,  it  is  theo- 
retically possible  on  sixty  cycles,  and  with  13,200-volt 
insulation,  to  obtain  a  drop  through  the  insulation 
of  approximately  30  deg.  cent,  as  a  minimum.  Prac- 
tically, however,  this  result  cannot  be  obtained  be- 
cause of  mechanical  limitations.  So  far,  a  slot  deeper 
than  6  to  6.75  in.  has  not  been  used,  and  for  such  a 
slot,  and  by  using  a  transposed  coil  or  a  multi-con- 
ductor coil,  the  temperature  drop  from  bare  copper 
to  iron  will  be  approximately  40  deg.  cent. 

These  facts  have  considerable  practical  importance 
in  view  of  the  demand  in  some  quarters  for  low  tem- 
peratures and  the  feeling  that  the  designer  advocates 
higher  temperatures  merely  to  reduce  sizes  and  costs. 
These  figures  show  that  the  designer  faces  definite 
physical  limitations  in  large  high-voltage  60-cycle 
turbo  generators,  and  true  copper  temperature  rises 
approaching  100  deg.  cannot  be  avoided. 

V.  Karapetoff  (by  letter):  The  author's  mathe- 
matical deductions  may  be  considerably  simplified 
by  handling  the  functions  in  the  exponential  form,  as 
J.  J.  Thomson  does,  and  some  other  writers  on  skin 
effect  and  eddy  currents.  Let  the  real  ciurent  be 
/  cos  (0 1]  assume  that  *in  addition  to  this  an  tm- 
aginary  current  j /sin  wt  flows  through  the  same 
conductor.    The  total  complex  current  is  then 

/  (cos  (ot  +  j  sin  (ot)  =  1 1^*^^  (a) 

Thus,  one  can  carry  all  differential  equations  and  their 
integration  in  the  form  /  e'*'' ,  and  then  in  the  end 
separate  the  real  from  the  imaginary  part,  and  use  the 
former  only.  Suppose  we  have  another  current,  J, 
which  lags  behind  /  by  an  angle  <t>.    Its  expression  is 

where  K  =  J  c-'^  is  a  complex  constant.  Thus,  by 
using  complex  amplitudes,  quantities  differing  in  phase 
from  one  another  can  be  represented  by  means  of  the 
same  exponential  e''"' . 

Consider  Mr.  Oilman's  eq.  (3)  and  let  the  density 
be  expressed  as 

A  =  w  e''"^  (c) 

where  u  is  a  complex  Junction  of  a:,  but  does  not  con- 
tain t.  This  means  that  the  eddy  currents  are  every- 
where of  the  frequency  (o,  that  their  phase  and  ampli- 
tude depend  upon  x,  and  that  in  addition  to  the  real 
currents  we  assume  certain   imaginary  currents  to 
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flow,  which  are  disregarded  in  the  result.  Sub- 
stituting the  value  of  A  from  eq.  (c)  in  eq.  (3)  we  get, 
after  reduction, 

■i^-2ja^u  (d) 

One  can  readily  see  how  much  simpler  this  differen- 
tial equation  is  than  the  simultaneous  equations  which 
the  author  gets  on  p.  1002.  The  well  known  solution 
of  (d)  is 

tt  =  p  c^*  +  Q  €-^*  (e) 


where  /S  =  a  V2j  and  P  and  Q  are  complex  constants 
of  integration.  This  simple  deduction  takes  the  place 
of  all  the  mathematics  on  pp.  1002  to  1004. 

The  expression  Vj  corresponds  to  the  rotation  of  a 
vector  by  45°,  or 


VJ  =  cos 45°  +  j sin  45°  =  —~  (1  +  j); 


hence 


/3  =  a  V2i  =  (l+i)a  (f) 

Thus  expression  (e)  becomes,  after  being  combined 
with  (c); 

This  is  identical  with  eq.  (10)  in  the  paper,  although 
it  contains  only  two  constants  of  integration.  Each 
constant  being  of  the  complex  form  a  +  jb,  there  are 
really  four  scalar  constants.    Eq.  (11)  becomes 


udx  (h) 


where 

Wo  =  Wo'  e^^  (i) 

and  u%^  is  the  scalar  density  (average). 
Integrating  eq.  (h)  we  get 

/3/wo=P(c^/-l)-Q(c-^/-l)  (j) 

which  gives  one  relationship  between  the  constants 
P  and  Q. 

To  deduce  eq.  (12)  we  have,  in  accordance  with  the 
author's  expression  near  the  middle  of  p.  1005: 

^'       10a  ^^ 
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and 


d  A     \  d  )3] 
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dt 
Hence,  omitting  the  factor  e'*'  on  both  sides,  we  get 

"*  (k) 

From  eqs.  (k)  and  ( j)  the  constants  P  and  Q  may  be 
readily  computed,  thus  making  pp.  1006  and  1007 
unnecessary.  The  trick  is  not  to  use  trigonometric 
functions  explicitly,  although  they  are  understood 
throughout  the  foregoing  deduction. 

Coming  now  to  the  power  computations,  on  p.  1008, 
no  integration  is  needed  with  respect  to  t,  since  the 
current  is  sinusoidal  at  all  points.  Expression  (e) 
may  be  readily  changed  to  the  form  Ur  e'^,  where  Ur 
is  a  real  quantity  and  a  f  imction  of  z,  and  where  angle  <// 
is  also  a  function  of  x.  The  value  of  Ur  is  then  the 
amplitude  of  the  current  density,  so  that 


(effective  current)^  =  1/2   I  Ur^dx  (1) 


This  will  do  away  with  the  long  expressions  on 
pp.  1008  and  1009. 
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